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Abstract 
The primary aim of this research was to investigate the fundamental acoustic 
properties of several cementitious materials, the influence of mix design 
parameters/constituents, and finally the effect of the physical and mechanical 
properties of cementitious material concrete/mortar on the acoustic properties of 
the material. The main objectives were: 
 To understand the mechanism of sound production in musical 
instruments and the effects of the material(s) employed on the sound 
generated;  
 To build upon previous research regarding selection of the tested 
physical/mechanical properties and acoustic properties of cementitious 
materials;  
 To draw conclusions regarding the effect of different constituents, mix 
designs and material properties upon the acoustic properties of the 
material;  
 To build a model of the relationship between the acoustic properties of a 
cementitious material and its mix design via its physical/mechanical 
properties.  
In order to meet the aim, this research was conducted by employing the semi-
experimental (half analytical) method: two experimental programmes were 
performed (I and II); a mathematical optimization technique (least square 
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method) was then implemented in order to construct an optimized mathematical 
model to match with the experimental data.  
In Experimental Programme I, six constituents/factors were investigated 
regarding the effect on the physical/mechanical and acoustic properties: 
cementitious material additives (fly ash, silica fume, and GGBS), 
superplasticizer, and basic mix design parameters (w/c ratio, and sand grading). 
11 properties (eight physical/mechanical properties: compressive strength, 
density, hardness, flexural strength, flexural modulus, elastic modulus, dynamic 
modulus and slump test; and three acoustic properties: resonant frequency, 
speed of sound and quality factor (internal damping)) were tested for each 
constituents/factors’ related mortar type. For each type of mortar, there were 
three cubes, three prisms and three cylinders produced. In Experimental 
Programme I, 20 mix designs were investigated, 180 specimens produced, and 
660 test results recorded.  
After analysing the results of Experimental Programme I, fly ash (FA), w/b ratio 
and b/s ratio were selected as the cementitious material/factors which had the 
greatest influence on the acoustic properties of the material; these were 
subsequently investigated in detail in Experimental Programme II. 
In Experimental Programme II, various combinations of FA replacement level, 
w/b ratios and b/s ratios (three factors) resulted in 1122 test results. The 
relationship between these three factors on the selected 11 properties was then 
determined. Through using regression analysis and optimization technique 
(least square method), the relationship between the physical/mechanical 
properties and acoustic properties was then determined. 
Through both experimental programmes, 54 mix designs were investigated in 
total, with 486 specimens produced and tested, and 1782 test results recorded. 
Finally, based upon well-known existing relationships (including, model of 
compressive strength and elastic modulus, and the model of elastic modulus 
and dynamic modulus), and new regressioned models of FA-mortar (the 
relationship of compressive strength and constituents, which is unique for 
different mixes), the optimized object function of acoustic properties (speed of 
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sound and damping ratio) and mix design (proportions of constituents) were 
constructed via the physical/mechanical properties.  
 
Keywords: Cementitious materials, fly ash, mortar, acoustic properties, 
physical/mechanical properties, least square method, mathematical modelling. 
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Chapter 1  INTRODUCTION 
 
This chapter describes the background, aim and objectives, and contribution to 
knowledge. The final section outlines the thesis structure. 
 
 
1.1 Research background 
Concrete, as a construction material, was a revolutionary material when first 
used in the early Roman Empire ages. Advances made over time, not only the 
concrete constituents have been concerned, but also new and wider 
applications of this material have been investigated, including as a substitute for 
other materials, for example timber in musical manufacture.   
This might be due to the fact that concrete offers considerable advantages over 
other materials in that the properties of cementitious materials can be designed 
and engineered to a certain degree by the addition of a variety of additives, 
admixtures, binders and aggregate types, for example density and compressive 
strength. Other advantages include its wide availability, ease of production into 
complex shapes, precise volume control (with little or no wastage) and cost 
effectiveness (Neville and Brooks, 2010). Whether there is potential for concrete 
to perform acoustically in a similar manner to some traditional timber materials 
used for musical instruments, the acoustic properties of cementitious materials 
are still under-researched, and little knowledge is available in the academic 
literature. Research is therefore required to address this gap in knowledge.  
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In addition, the high quality timber suitable for manufacturing the resonance 
board of musical instruments is expensive, and sourcing the materials 
sustainably is becoming increasingly difficult. Consequently, there are also 
potentially significant benefits in investigating other suitable materials which are 
more economic, can be more sustainably sourced and yet still provide suitable 
acoustic properties. “A more fundamental innovation was required, summoning 
a shift in materials selection away from wood towards alternative materials 
associated with low cost manufacture and assembly” (Norman, 2003). 
Over recent years several researchers have investigated the application of 
cementitious materials for constructing musical instruments, for example a 
concrete (mortar) flute created by the National Chiayi University in Taiwan, 
which is only slightly heavier than a plastic flute, but the ‘tonal quality is more 
steady and rich than a normal flute’ (Su, 2009)  (Figure 1).   
 
Figure 1 Concrete flute from Taiwan (Su, 2009) 
 
Ritsumeiken University in Japan constructed a concrete harp and alphorn 
(Figure 2) using ultra high-strength fibre reinforced concrete (UFRC) (Takeda et 
al., 2009). Their research, however, focused only upon the manufacturing ability 
to cast concrete into such shapes, rather than to explore the acoustic properties 
of the cementitious materials themselves.  
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                                                      (a)                                                      (b)                   
Figure 2 (a) Concrete alphorn and (b) harp made from ultra high-strength fibre 
reinforced concrete (UFRC) (Takeda et al., 2009) 
 
A working electric concrete guitar was created by Parker Sloan of Western 
Kentucky University in the USA (guitar-list, 2007) (Figure 3), although no 
technical data on its mix design, material or acoustic performance is available.  
 
Figure 3 Electric concrete guitar made by Parker Sloan (guitar-list, 2007) 
 
Similarly, other concrete guitars were constructed in Loughborough University in 
the UK. An electric guitar (Figure 4 (a)) was made from concrete incorporating 
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PVA and a Lytag lightweight aggregate (Smith, 2011; Sun et al., 2011). The 
acoustic concrete guitar shown in Figure 4 (b) was constructed from a final year 
project by using cement, sand, lytag, silica fume, Polypropylene fibres and 
superplasticizer (Martin, 2012).   
   
                                           (a)                                                      (b) 
Figure 4 (a) Electric concrete guitar (Smith, 2011) and (b) acoustic concrete guitar 
(Martin, 2012) from Loughborough University 
 
Following the construction of these concrete musical instruments, some 
enquiring questions are also proposed, for example: 
1. What properties does the material require to replicate traditional 
materials currently used in instrument production? 
2. What barriers and potential opportunities exist? 
3. By precisely engineering the physical properties, is there potential to 
control the tonality, timbre and resonance of conventional and novel 
instruments in unique ways? 
4. How does sound interact with cementitious materials? 
5. Which material properties affect the sound, and how? 
Based upon these questions, the main aim and some objectives of this research 
can be developed in Section 1.2.   
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1.2 Aim and objectives 
The aim of this research is to investigate the fundamental acoustic properties of 
several cementitious materials, the influence of mix design 
parameters/constituents, and finally the effect of the physical and mechanical 
properties of cementitious material concrete/mortar on the acoustic properties of 
the material. 
The objectives of this research are: 
1) To understand the mechanism of sound production in musical 
instruments and the effects of the material(s) employed on the sound 
generated;  
2) To build upon previous research regarding selection of the tested 
physical/mechanical properties and acoustic properties of 
cementitious materials;  
3) To draw conclusions regarding the effect of different constituents, mix 
designs and material properties upon the acoustic properties of the 
material;  
4) To build a model of the relationship between the acoustic properties 
of a cementitious material and its mix design via its 
physical/mechanical properties.  
 
1.3 Contribution to knowledge 
This research provides a contribution to the body of knowledge on the acoustic 
properties of concrete related constituent materials, including mix design 
parameters. These constituent materials include widely used cementitious 
materials additives (FA, GGBS, SF), and superplasticizer, and the mix 
parameters include sand grading, w/b (water/binder) ratio and b/s (binder/sand) 
ratio.  
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The model produced in this study helps build a direct relationship between the 
mix design and acoustic properties through the existing relationship between 
mix design and physical/mechanical properties of mortar/concrete, which is 
widely researched in the concrete field. But through the data of tested 
physical/mechanical properties, some existing theory between acoustic 
properties and physical/mechanical properties of wood material have been 
confirmed and compared with cementitious materials.  
The developed research process and inductive mathematical model offer a 
fresh perspective, which could also be applied to explore more acoustic 
properties of concrete/mortar related constituent materials, new mix designs, or 
to help build a relationship between the mix design and other third party 
properties, such as thermal properties, shrinkage, creep, durability etc. through 
physical/mechanical properties.   
This work has potential implications for the more material focused design of 
musical instruments as well as an enhanced understanding regarding the 
contribution of the material to the acoustics within building design. 
 
1.4 Structure of thesis 
The thesis consists of eight main chapters. The outline of the chapters is 
provided below: 
 Chapter 1: Introduction 
Chapter 1 introduces the thesis and the topic of acoustic properties of 
cementitious material, and provides examples regarding previous 
innovations in musical instrument using cementitious materials. It 
summarises the aim, research objectives, contributions made and thesis 
structure. 
  
 Chapter 2 and Chapter 3: Literature review 
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Chapter 2 presents the basic theory of sound mechanisms in traditional 
musical instruments and existing research regarding the 
acoustic/mechanical properties of wood musical instrument materials 
and the acoustic properties of cementitious materials. Different 
cementitious material and other constituents, testing methods and 
optimization methods are reviewed.  
 
Chapter 3 reviews cementitious material mix design methods, including 
both traditional and computational methods, and describes the 
relationship between optimization and mix design. Methods of 
cementitious material mix design optimization and theories of used 
optimization method are also reviewed.  
 
 Chapter 4: Methodology  
Chapter 4 describes the constituents used in this research and their 
reason for selection. The mixing and casting procedure, curing 
procedure and the rationale for the testing methods applied are also 
described in this chapter. 
     
 Chapter 5: Experimental Programme I: Preliminary 
In this chapter, the acoustic and mechanical properties of different 
constituents and various parameters influenced are presented and 
analysed. The findings from this Chapter are used in the experimental 
programme II in Chapter 6.  
 
 Chapter 6: Experimental Programme II: Relationship between 
mechanical properties and acoustic properties of fly ash 
incorporated mortar 
More experiments are performed, wider ranges of mix design factors, in 
order to explore the relationship between the acoustic properties, 
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physical/mechanical properties and mix design factors. Based on these 
testing results, the relationships between certain mechanical properties 
and acoustic properties have been built up and are confirmed whether 
they have the same relationship as the timber material. 
 
 Chapter 7: Optimized acoustic properties of fly ash incorporated 
mortar  
A numerical optimization method is applied in order to develop a 
simulated model based on previous mathematical models, and some 
regression models from the results collected from experimental 
programme II. Through this model, the relationship between mix design 
(proportions of constituents) and responses (acoustic properties) can be 
directly built. In this chapter, the efficiency and accuracy of the tests 
results are discussed. The relationship between constituents, 
mechanical properties and acoustic properties are finally summarised 
and discussed.  
 
 Chapter 8: Conclusions and recommendations for further research 
Finally, this chapter summarizes the main conclusions from the thesis, 
the limitations of the research, and recommendations for further 
research.  
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Chapter 2  ACOUSTIC PROPERTIES 
OF CONCRETE 
 
 
2.1 Introduction 
Wood is an important traditional construction material for use as the resonance 
board and as a general construction material in musical instruments (Wegst, 
2006, 2008). The quality of the instrument is not only dependent upon the 
processing technique of the craftsman, but also depends upon the sound 
characteristics of the selected material. The science of measuring the properties 
of woods are therefore well developed, but the precise material properties are 
challenging to determine. Many parameters and test methods have been 
identified, evaluated and analysed to describe and measure the acoustic 
properties of musical instruments. These efforts provide a scientific basis on 
which to judge these properties objectively.  
Using cementitious materials to perform the same function as wood in musical 
instrument manufacture is a substantial challenge. This literature review 
therefore, covers: 
 The basic principles of sound mechanisms in traditional musical 
instruments;  
 Existing research on the acoustic properties of wood materials for 
making musical instruments with their related test methods and research 
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on the physical, mechanical properties which affect these acoustic 
properties;  
 Constituents of concrete/mortar or special concrete having influence on 
the mechanical properties which are related to the acoustic properties of 
material referring to wood; 
 Test methods for testing the mechanical properties of concrete/mortar, 
and finally; 
 Existing research on the acoustic properties of concrete.  
 
2.2 Acoustics 
To set the thesis in context it is helpful to explore the acoustics of a musical 
instrument.  The following section explains some fundamentals about 
instruments that will inform the later parts of the thesis, which mainly concern 
the properties of cementitious materials that may be candidates for substituting 
wood in the design. 
 
2.2.1 Acoustics of musical instruments 
The acoustics of a musical instrument is a subject between musicology and 
physics. In this section the basics of sound waves will be discussed, the 
relationship between mechanical vibrations and sound, and also how structures 
found in musical instruments function.   
 
2.2.1.1 Sound waves and music sound 
Sound is usually generated by vibration of a physical object.  When a body 
vibrates it generates periodic compression and rarefaction waves which are 
then able to be transmitted through a medium, such as gas, liquid and solid. In 
                                                                                             
11 
 
Literature review  
the case of a musical instrument the gas would of course be the air around us 
and this acts as the transmission medium between the instrument and the 
listener.  Put in a different way, sound waves are generated when the vibrating 
object disturbs surrounding air molecules, these disturbances are passed on to 
adjacent air molecules by the mechanism of particle interaction, then the 
particles in the surrounding medium start vibrating, thus transporting energy 
through the medium (Fahy, 2005; Gupta, 2001). In this section, some basic 
knowledge of sound waves will be discussed. 
 
 Types of sound wave 
For a sound wave travelling through air, the vibrations of the particles are best 
described as longitudinal. Longitudinal waves (compression waves) are waves 
in which the motion of the individual particles of the medium is in a direction that 
is parallel to the direction of energy transport (Breithaupt, 2010; Gupta, 2001). 
Take the vibrating string from the guitar as a sound wave source, although the 
string vibration itself is a complex motion, and is composed of a variety of 
different forms of vibration, such as transverse vibration, longitudinal vibration 
and torsional vibration etc., as the string is plucked back and forth the way 
shown in Figure 5, this is when the vibrating string can generate the 
Longitudinal waves to the air. The back and forth vibration of the string causes 
individual air molecules (or a layer of air molecules) to vibrate back and forth in 
the parallel direction as the wave propagates, this sound waves can be 
regarded as  Longitudinal waves. The result of such longitudinal vibration is the 
compression and rarefaction to the air nearby (Fletcher and Rossing, 2010), 
also illustrated in Figure 5. The wave length of a wave is the length of one 
complete cycle of a wave. It can be found that the wavelength in the longitudinal 
wave can be measured by measuring the distance from a compression to the 
adjacent compression or from a rarefaction to the adjacent rarefaction.  
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Figure 5 Longitudinal waves in air (compression waves) 
 
For the waves travelling through the fluid, such as liquid or gas, are always 
longitudinal waves. 
When sound waves travels through a solid medium, waves can be transverse 
waves or longitudinal waves, in three dimensions, outward in all directions from 
the sound source. These two types of waves are considered as Body Waves.” 
(F. J. Fahy and Gardonio, 2007; Hassan, 2009; Ingard, 1988) . A Transverse 
wave (shear wave) is a wave in which particles of the medium move in a 
direction perpendicular to the direction that wave moves, as shown in Figure 6. 
From Figure 6, A, B, C, D, E are all at the equilibrium or rest position. The 
amplitude of wave refers to the displacement of a particle on the medium from 
its rest position. The crest of wave is the point on the medium that exhibits the 
maximum amount of positive or upward displacement from the rest position. 
The trough of a wave is the point on the medium that exhibits the maximum 
amount of negative or downward displacement from the rest position. The wave 
length of transverse waves is the length either between one crest to the 
adjacent crest, between one trough to the adjacent trough or between points 
such as C and E. 
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Figure 6 Transverse waves 
 
However, in solids, the material can, depending on the geometry of the object 
and its different structure properties, support other types of propagating wave, 
such as surface waves (Rayleigh waves or Love waves), Plate waves (Lamb 
waves), etc.(Ingard, 1988; Krautkramer and Krautkramer, 1990; Malhotra and 
Carino, 2004).  
Surface waves (Malhotra and Carino, 2004), in contrast to body waves, can 
only travel the surface of a relatively thick solid material penetrating to a depth 
up to one wavelength. Surface waves combine both longitudinal and transverse 
motion to create an elliptic orbit motion as shown in Figure 7. 
 
Figure 7 Surface waves (Raleigh waves) (USGS, 1977) 
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Plate waves (e.g. Lamb waves) are similar to surface waves except they can 
only be generated in materials a few wavelengths thick. Lamb waves 
(Krautkramer and Krautkramer, 1990) are complex vibrational waves whose 
particle motion lies in the plane and propagate parallel to the test surface 
throughout the thickness of the plate, see Figure 8. Propagation of Lamb waves 
depends on the density and the elastic material properties of a component. 
They are also influenced a great deal by the test frequency and material 
thickness. With Lamb waves, a number of modes of particle vibration are 
possible, but the two most common are symmetrical and asymmetrical. 
Symmetrical Lamb waves move in a symmetrical fashion about the median 
plane of the plate. The asymmetrical Lamb wave mode is often called the 
“flexural mode” because a large portion of the motion moves in a normal 
direction to the plate (direction perpendicular to the plate), and a little motion 
occurs in the direction parallel to the plate.  
 
Figure 8 Lamb wave (Yantchev and Katardjiev, 2013) 
 
 Boundary behaviour 
As sound waves travel through a medium, it will often reach the end of the 
medium and enter into another medium. The interface of the two media is 
referred as the boundary and the behaviour of the wave at the boundary can be 
classified into four types: reflection, diffraction, transmission and refraction 
(Fahy, 2005). Reflection means the sound wave bounces off the boundary. The 
amount of energy which is reflected is dependent on the dissimilarity of the two 
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media. The more similar the properties of the two media on each side of 
boundary are, the less reflection occurs and the more transmission occurs. This 
behaviour is fundamental to musical structures found in objects such as guitars, 
and it is also important to the design of concert halls and auditoriums. This will 
be discussed more in Section 2.2.1.3 and Section 2.4 respectively; Diffraction 
refers to the phenomenon that occurs when wave encounters an obstacle or a 
slit that the wave is deflected around obstacles and openings, and producing 
fringes of light and dark bands; Transmission is that wave is crossing the 
boundary into the new material or obstacle; Refraction occurs along with 
transmission but changes in speed and the direction of propagation due to 
changes into another medium (Fahy, 2005). The above mentioned four 
phenomenon are illustrated in Figure 9. 
 
Figure 9 Illustration of boundary behaviour 
 
 Properties of sound waves 
In acoustics, sound waves change in air pressure occurring at frequencies in 
the audible range for human, approximately 20 Hz to 20 kHz. Sound can be 
analysed as a superposition of sinusoidal waves with different frequency and 
amplitude. This process is known as Fourier synthesis. As a kind of wave, it can 
be described by a variety of properties. Frequency and amplitude can be 
described as the most important properties. Period and wavelength can also be 
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used to describe the sound wave. These properties determine the shape of the 
sound wave. When the sound wave is propagating along the medium either in 
the air, liquid or solid, speed of sound wave can also be used to describe the 
wave. It is defined as the distance travelled by a given point on the wave in a 
given interval of time. It is determined by the material properties, such as 
temperature, density, the elasticity etc. (Gupta, 2001).  
Frequency is defined as a number of cycles of wave that are completed per unit 
time. It is dependent upon the properties of material the vibrating object is made 
of (this affects the speed of sound). Period is defined as the time for one full 
cycle to complete itself. The period is the reciprocal of the frequency and vice 
versa (Gupta, 2001). 
The amount of energy which wave carry is related to the amplitude of the wave. 
A high energy wave is characterized as having high amplitude; conversely, low 
amplitude.  This energy can be lost over time due to damping (internal friction). 
As the energy is lost, the amplitude decreases (Gupta, 2001).  
Mathematically the properties of sound waves are related as follows 
(Breithaupt, 2010): 
 
𝑓 =
1
𝑇
 (1) 
 𝐶 = 𝑓 ∙ λ (2) 
 
𝐶 =
λ
𝑇
 (3) 
Where 
𝑓 – Frequency, Hz; 
𝑇 – Period, s; 
𝐶 – Speed of sound wave, m/s; 
λ – Wave length, m. 
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 Musical sound 
These physical properties of sound waves are correlated with our perception of 
pitch, loudness and tonal quality. For example, a higher frequency (or short 
period) sound wave sounds higher in pitch; the larger the amplitude of the 
vibrations in an object the louder the sound it produces (Fletcher and Rossing, 
2010) (Berg and Stork, 1994). 
A vibrating object can be directly measured by attaching a transducer which 
gives a voltage or current/charge output.  Following signal processing a voltage 
wave can then be displayed in the time domain using oscilloscope or in the 
frequency domain on a signal analyser. Complex waveforms containing several 
frequency components can be generated from an instrument even when a 
single note is sounded.  In the spectrum of the output there are various tonal 
components to the signal and the relative amplitudes give a sound with what 
would be interpreted as the tonal ‘quality’ or timbre of the note. Practically, 
different vibration bodies, such as the body of the musical instrument with 
different materials, have different tonal quality. Hence we can get different wave 
shapes shown in the oscilloscope from different vibrating materials even if all 
other design variables (such as the instrument shape etc.) are fixed. (Berg and 
Stork, 1994; Fletcher and Rossing, 2010). 
Humans use their perception to determine the quality of musical sounds and 
attach various properties such as pitch, loudness and tone quality. Not all of the 
properties encountered have a precise scientific meaning, which makes 
interpretation of some of the literature challenging. A discussion on the different 
properties of musical sound can be found in Fletcher and Rossing (2010) and 
Berg and Stork (1994). 
 
 Natural frequency and resonance 
As mentioned before, a sound wave is created as a result of vibrating object. 
When an instrument such as a guitar or a drum is excited by striking it in an 
appropriate way they naturally vibrate at a particular frequency or a set of 
frequencies. The frequency at which an object tends to vibrate when under 
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forced is known as the natural frequency of the object (Gupta, 2001). The 
natural frequency is a fundamental property of the structure of the device and is, 
for the most part, invariant on the strength of the excitation applied. It can only 
be changed by altering the size, inertia or internal force of the system (Fletcher 
and Rossing, 2010). For example, tuning the string of the guitar is determined 
by changing the natural frequency of the string. The natural frequency of the 
string can be changed by altering the length, density and tension of the string 
(Fletcher and Rossing, 2010).  
If the amplitudes of the vibrations are large enough and if natural frequency is 
within the human frequency range, then the produced sound is audible. 
However, the loudness of sound from the plucked string is so small, and the 
sound production of musical instrument is also related to the following 
discussed term – resonance. Take the example of the guitar, the string is 
attached to the sound box of the guitar or the body of the guitar.  The sound 
wave is transferred to vibrate the sound box through the bridge from the 
vibrating string. Due to the resonance, and the reasonably wide bandwidth of 
sound box, the sound box vibrates when a string vibrate at a frequency close to 
the natural frequency of the sound box. The sound box in turn forces air 
particles inside of the box into vibration motion at the same natural frequency as 
the string. The entire system (string, sound box and enclosed air) begins 
vibrating and forces surrounding air particles into vibration motion. This process 
is sometimes called coupling. Due to the fact that the surface area of the sound 
box is greater than the surface area of the string, it means that more 
surrounding air particles will be forced into vibration. This causes an increase in 
the amplitude and thus loudness of the sound (Fletcher and Rossing, 2010). 
This is an example of the resonance. Resonance is that when one object 
vibrating at the same natural frequency of a second object, the second object 
can set into vibration motion. This happens even when two objects are 
connected by the surrounding air particles (Fletcher and Rossing, 2010; Gupta, 
2001).     
 
                                                                                             
19 
 
Literature review  
2.2.1.2 Musical instruments 
In order to enjoy more kinds of music sound, thus for thousands of years, varied 
types and shapes of musical instrument were developed from around the world 
with the first device under controversy as a musical instrument developed 
dating back to 67,000 years old (Remnant, 1990).  
What is a musical instrument? The definition from the dictionary is that “a device 
created or adapted for the purpose of making musical sounds. In principle, any 
object that produces sound can serve as a musical instrument.” (Soanes and 
Stevenson, 2005). Although there are many different mechanisms which are 
exploited in the generation of sound, and musical instruments come in many 
different shapes and sizes, the fundamental principles of physics from these 
musical instrument are the same, or at least there are a finite number of classes 
of instrument and they share very similar mechanisms.  
What is a good instrument? “Different types of music require the different 
characteristics in an instrument” (French and Bissinger, 2001). French and 
Bissinger also mentioned that the basic requirements of a good instrument are 
still common to all types of instruments, including staying in tune, being 
comfortable in when played, having good sustain on notes, responding quickly, 
having a wide dynamic range, and producing a ‘pleasing’ sound when played 
for both player and the audience. These requirements of an instrument are 
subjective to some extent by a large degree. 
 
2.2.1.3 Physics of instruments 
First of all, each musical instrument has a sound source or vibration source. 
The vibrating string could be the sound source of the guitar. The vibrating reed 
could be the sound source of the saxophone. The vibrating lip could be the 
sound source of trumpet. The sound source of drum is a vibrating membrane. 
Even in the electronic keyboard, the sound source could in theory be classed as 
a vibrational source if the original tone originates from a quartz (mechanical) 
oscillator. 
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Secondly, there is usually a sound generating body in each musical instrument. 
While the sound source itself is also the sound generating body in some 
musical instrument, such as drum.  
Some musical instruments also have a resonance board, such as violin, guitar, 
Piano. The sound of vibrating strings is coupled into the resonance board. The 
soundboard is usually made from certain kind of wood which is used to transmit 
sound with balanced stiffness and flexibility.  
 The structure of acoustic guitar is shown in Figure 10: 
 
Figure 10: Anatomy of acoustic guitar (Phillips and Chappell, 2011) 
 
Except for the structure itself of the musical instrument, there are a lot more 
related to physics in musical instrument, such as sound transmission, sound 
radiation, the properties of the sound wave, such as speed of sound, frequency, 
resonance etc. which have been mentioned in Section 2.2.1.1. The 
characteristics of the material for making musical instruments are the following 
physical properties, such as density, elasticity modulus etc., which will be 
discussed in Section 2.2.3.2.  
As there are thousands of musical instruments in the world, in order to study 
how these instruments produce sound, people usually record them in 
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classification. The Hornbostel - Sachs system is a system used to classify all 
musical instruments which is a comparatively complete source which includes 
all kinds of musical instruments at present time. “Even though this system has 
been criticized and revised over the years, it is the most widely accepted 
system of musical instrument classification used by organologists and 
ethnomusicologists (Hopkin, 1996).” 
The Hornbostel – Sachs system classifies the musical instruments based on 
how they vibrate as shown in Table 1 (Hopkin, 1996): 
Table 1: Sound mechanism of different musical instruments 
Musical 
instruments 
Mechanism Example 
Idiophones 
Instruments which produce sound by vibrating 
themselves, through different methods producing sound 
they can be classified into more 8 groups 
xylophone 
Membranophones 
Instruments which produce sound by vibrating a 
stretched membrane 
drum 
Chordophones 
Instruments which produce sound by vibrating strings, 
it’s a generic terms for stringed instrument 
guitar, piano 
and violin 
Aerophones 
Instruments which produce sound by vibrating columns 
of air 
flute, horn 
Electrophones 
Instruments which produce sound electronically, but in 
two areas where either generating the sound 
electronically or amplifying and modifying the sound 
electronically 
theremin 
 
With the different structures of these musical instruments, a more detailed 
sound mechanism would be unique to each of them.  
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2.2.2 Materials for musical instruments 
As discussed above, there are many factors which contribute to making a ‘good’ 
instrument. However, the type of material is not the essential criteria for all 
musical instruments. In Fletcher and Rossing (2010), it is suggested that the 
musical instruments, which the material of manufacture has a large effect on the 
acoustic characteristics, are the idiophones (such as bells and cymbals, which 
the whole solid material structure vibrates and radiates sound), 
membranophones (such as drums), and chordophones (such as guitars and 
violins, and pianos). The resonant elements of these musical instruments could 
be the bodies of drums and sound boards of stringed instruments, and the 
material properties are also of significant importance. As for the aerophones 
(wind instrument), the performance of the instrument arguably depends weakly 
on the material from which the walls are made (Fletcher and Rossing, 2010). 
This is still a point of argument on which more research is still needed before 
any firm conclusions can be made.  
So, how does an instrument maker choose the material? To a large degree, 
tradition, art, and skill are involved (Fletcher and Rossing, 2010). Often, there is 
no clear rationale why a particular material is chosen, and it is often due to 
historical reasons. The increased demand for and manufacture of these 
increasingly common musical instruments, has been recently placed an 
increased demand upon the environment. As the BBC news reported, “Are 
Gibson guitars killing the rainforest?” (Blenford, 2011). Gibson is one of the 
most popular manufacturers, with a sound widely desired by guitar players. 
However, Gibson was “facing the criminal probe over claims it broke 
environmental laws while importing wood” (Blenford, 2011) and then paid 
$300,000 fine, made $50,000 contribution to the National Fish and Wildlife 
Foundation, and forfeited wood valued at $261,000 seized in the 2009 by the 
government (Revkin, 2012).   
Searching for substitute materials for the tropical hardwood used in guitar 
manufacture is becoming increasingly important. Plywood, bamboo and 
fibreboard have already been widely used for making the guitar soundboard, 
which is the principal sound-generating component of the instrument. Guitars 
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made from these materials are often claimed to perform musically as well as the 
more expensive traditional wood ones (Besnainou, 1998; Wegst, 2008). More 
recently, many researchers have focused on other materials, such as carbon 
fibre composite material, foamed polycarbonate and wood plastic composite 
(WPC) used for creating soundboards (FECC, 2010). This change in material 
could make it possible to shift some instrument production from hand crafting to 
mass production with a corresponding significant reduction in price. This could 
also be more possible nowadays with more highly advanced technologies. 
Several researchers have started investigating the acoustic properties of the 
materials employed for musical instruments. Composites of polyurethane foam 
reinforced anisotropically with carbon fibres have been developed to perform 
almost the same vibration properties as Sitka spruce for making the soundboard 
of music instruments, as well as guitars with the top boards made of these 
composites (Ono et al., 2002; Ono and Isomura, 2004; Ono and Okuda, 2007). 
Bamboo has been used in Asian wind and percussion musical instrument for a 
long time. Wegst (2008) presented an extensive review of the acoustically 
relevant properties of bamboo.  
There still exists a great deal of debate in this area, especially in the instrument-
making community.  
 
2.2.3 Physical, mechanical and acoustic properties of 
wooden musical instrument 
As reviewed from the physics of musical instrument, the characteristics of 
material used for making musical instrument are certain physical and 
mechanical properties. Hence in this section, a review of existing research on 
the acoustic properties and their related physical and mechanical properties is 
made here.  
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2.2.3.1 Existing research on the acoustic behaviour of wooden 
instruments 
Musical instrument design is a complex activity with a mixture of scientific and 
empirical methods being used. The detail of the design processes is beyond the 
scope of the present report. Nowadays the violin family, the guitar family and 
piano are the most popular instruments from the acoustic stringed instruments 
that attract the most attention. Even conventional construction methods 
involving wood have difficulties when characterising materials used in 
manufacture. This makes the present research particularly challenging as very 
little research has been carried out on concrete materials.  
In the research assessing acoustic quality of wood used for making musical 
instrument like guitars, violins, pianos and other string instruments, it is well 
known that the soundboard has been considered to be the key element which 
most critically affects the acoustic behaviour of the instrument as a whole. 
There is also some research reported in the literature concerning about other 
instruments, such as harps, xylophones and drums which their acoustic quality 
are also affected by the material body. 
To find a scientific basis for improving the famous old violins and produce high 
quality pianos or guitars has been a long-cherished dream for researchers as 
well as manufacturers. However there has been successful work conducted on 
producing useful performance parameters for some instruments.  The ratio of 
Young’s modulus to shear modulus (E/G) of wood, for example, has been 
shown to be an important factor for making piano sound boards (Nozaki et al., 
1988). On the other hand, because the increase of loss tangent (𝑡𝑎𝑛 𝛿) with 
frequency brought about by the increase in the ratio of shearing deformation to 
bending deformation (Ono and Kataoka, 1979), these factors are also related to 
the sound level radiated at high frequencies. Therefore, to control the timbre of 
wooden musical instruments, treatments which can alter the frequency 
dependence of (𝑡𝑎𝑛 𝛿) of wood are required.    
Since the quality of an instrument strongly depends on that of its wooden 
soundboard, much attention has been paid to the vibrational properties of wood. 
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It is generally accepted that a high acoustic conversion efficiency and large 
degree of anisotropy are required for an excellent soundboard (Norimoto, 1982; 
Nozaki et al., 1988; Ono, 1996; Yano et al., 1994); the acoustic conversion 
efficiency is defined as the ratio of acoustic energy radiated from a beam to the 
vibration energy of the beam, and is proportional to (√𝐸′ 𝜌3⁄ 𝑡𝑎𝑛 𝛿⁄ ), where 𝐸′,  
𝜌 and 𝑡𝑎𝑛 𝛿  are the dynamic Young’s modulus, density and mechanical loss 
tangent, respectively (Yankovskii, 1967; Yano et al., 1992, 1994; Yano, 1997). 
Actually, a high-grade wood specimen selected for the soundboard of an 
instrument has high (𝐸′ 𝜌⁄ ) and low (𝑡𝑎𝑛 𝛿), so consequently it possesses higher 
acoustic conversion efficiency than a low grade one (Norimoto, 1982; Yano et 
al., 1994). On the other hand, the ratio of Young’s modulus to the shear 
modulus (𝐸′ 𝐺′⁄ ), (𝐺′) is dynamic shear modulus, of wood is higher than that of 
isotropic materials such as plastics and metals, owing to its anisotropic structure 
in the wood’s cell walls. As this ratio is related to the contribution of shear 
deformation in the flexural vibration of a beam, it determines the frequency 
response of a wooden soundboard (Hearmon, 1958; Nakao et al., 1985; Nozaki 
et al., 1988; Ono and Kataoka, 1979). It is well known that Sitka spruce wood, 
the preferred material for the soundboard of pianos, records a high (𝐸′ 𝐺′⁄ ) 
value, and that its damping in the high frequency range is greater than that of 
other wood species, in addition, the frequency dependence of the loss tangent 
( 𝑡𝑎𝑛 𝛿 ) of wood for violin top plates affects the timbre of wooden string 
instruments (Meinel, 1957). Thus the (𝐸′ 𝐺′⁄ ) and related factors reflecting the 
anisotropy of wood may be also responsible for the tone quality of musical 
instruments (Ono, 1996; Yano and Minato, 1993). 
Matsunaga and Minato (1998) investigated the mechanical and physical 
properties required for material used for making the bow of a violin. In their 
papers, through comparative study of the traditional material making bows and 
some other possible species, they determined that the low loss tangent (𝑡𝑎𝑛 𝛿) 
is a necessary condition to determine a good bow material and the high shear 
strength seems effective to prevent damage to the top of the bow where the 
curvature in technical part is required to arrange the horse hair (Matsunaga et 
al., 1996)(Matsunaga and Minato, 1998).  
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Obataya et al. (2000) defined the relative acoustic conversion efficiency   
(𝛼 = √𝐸𝑙
′ 𝜌⁄ 𝑡𝑎𝑛 𝛿𝑙⁄ ) and a ratio reflecting the anisotropy of wood ( 𝛽 =
(𝐸𝑙
′ 𝐺𝑙
′⁄ )(𝑡𝑎𝑛 𝛿𝑠 𝑡𝑎𝑛 𝛿𝑙⁄ )) through determining the dynamic  Young’s  modulus 
(𝐸𝑙
′) and loss tangent (𝑡𝑎𝑛 𝛿𝑙) along the grain (longitudinal direction), dynamic 
shear modulus (𝐺𝑙
′) and loss tangent (𝑡𝑎𝑛 𝛿𝑠) in the vertical section (LR plane, 
the sample size is 3 mm (T, tangential direction) × 15 mm (R, radial direction) × 
150 mm (L, longitudinal direction)), and density (𝜌) of hundred specimens used 
for the soundboards of musical instruments. (𝛼 ) and (𝛽 ) are defined as to 
evaluate the acoustic quality of wood along the grain, which is not the same as 
the ones used in previous papers (Yankovskii, 1967; Yano et al., 1992, 1994, 
1997).  
Norimoto (1982) and Norimoto et al. (1986) found out that the wood material 
used for making the violin bow rated highly by instrument makers shows an 
extremely high values in specific modulus of elasticity and sound radiation 
coefficient but low in (𝑡𝑎𝑛 𝛿)  values. Take the (tan δ) as an example, the value 
of which in traditional violin bow material, Pernambuco is significantly lower than 
the value of the other normal wood. The data are shown in Table 2. 
Table 2: Properties of specimen (Norimoto, 1982) 
Specimen No. Size 𝒕𝒂𝒏 𝜹 
Pernambuco 5 
1mm (Longitudal direction) 
× 
0.8mm (Radial direction) 
× 
2mm (Tangential direction) 
4.12×10-3 
Massaranduba 5 10.04 
Kerandji 5 5.74 
Paorosa 5 7.41 
Blackbutt 5 6.20 
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Ono and Norimoto (1983) measured the specific modulus of elasticity (𝐸𝑠𝑝 ), 
damping coefficient or internal friction (𝑡𝑎𝑛 𝛿 ) in longitudinal direction in 25 
softwood species where a high correlation between 𝑡𝑎𝑛(𝛿 𝐸𝑠𝑝⁄ )  and (𝐸𝑠𝑝)  was 
observed. They also concluded that the suitability of wood for musical 
instruments can be evaluated by specific modulus of elasticity (𝐸𝑠𝑝).  
Shen (2006) suggested that it is very important to evaluate the vibration 
properties of the board, especially the sound radiation characteristic of the 
timber, including natural frequency ( 𝑓𝑛 ), dynamic modulus of elasticity 
(MOE)(E), shear modulus (G), the coefficient of logarithm attenuation ( 𝛿), loss 
tangent (𝑡𝑎𝑛 𝛿) and other vibration properties, such as specific dynamic MOE 
(𝐸 𝜌⁄ ), coefficient of sound radiation R (√𝐸 𝜌3⁄ ) and (𝐸/𝐺). Besides, he also 
pointed out that wood with proper anisotropy, fine toughness and weak shear is 
important for musical instrument industries. The dynamic modulus of elasticity 
of the specimen can be calculated by the resonance frequency 𝑓𝑛,  which are 
detailed presented in the methodology Section 4.9.6. 
Spycher et al. (2008) assessed the wood quality in musical instrument-making 
by comparing their physical properties. Their selected physical properties under 
the study were density, modulus of elasticity, sound velocity, acoustic 
coefficient, acoustic conversion efficiency and loudness index. After comparing 
with the specimens which were normal wood and resonance wood of Norway 
spruce (Picea abies) used to make violin, the following data can be collected 
and shown in Table 3: 
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Table 3: Average of the principal properties calculated for Norway spruce specimens in 
axial (upper value) and radial (bottom) directions (Absolute values ±SD) (Spycher et al., 
2008) 
 Quality 
Density 
𝜌 
(kg/m3) 
Dynamic 
modulus of 
elasticity 
𝐸𝑑𝑦𝑛(MPa) 
Sound 
velocity    
c        
(m/s) 
Radiation 
ratio         
R  
(m4/kg∙s) 
Emission 
ratio         
H    
(m4/kg∙ 𝑠) 
Loudness 
index        
L 
Norway 
spruce 
sample 
A 
Good 495±𝟏𝟕 
14784±2814 
363±𝟒𝟔 
5449±𝟑𝟒𝟔 
851±𝟓𝟒 
11.1±𝟎. 𝟒 
1.7±𝟎. 𝟏 
4.86±𝟎. 𝟓𝟒 
0.21±𝟎. 𝟎𝟑 
1.04±𝟎. 𝟏𝟕 
Norway 
spruce 
sample 
B 
Very 
good 
382±14 
9979±𝟏𝟏𝟖𝟔 
731±𝟐𝟐𝟑 
5103±𝟐𝟖𝟎 
1365±𝟐𝟎𝟏 
13.4±𝟎. 𝟖 
3.6±𝟎. 𝟓 
6.07±𝟎. 𝟔𝟖 
0.62±𝟎. 𝟏𝟒 
3.78±𝟎. 𝟖𝟕 
Norway 
spruce 
control 
sample 
--- 360±16 
10464±1004 
458±𝟕𝟕 
5388±𝟏𝟑𝟒 
1124±𝟗𝟑 
15.0±𝟎. 𝟖 
3.1±𝟎. 𝟑 
5.34±𝟏. 𝟕𝟕 
0.39±𝟎. 𝟏𝟔 
2.10±𝟏. 𝟏𝟐 
 
All these specimens were categorised as ‘good’ and ‘very good’ by the violin 
maker and a resonance wood retailer. And there were 40 specimens in each of 
these three groups. The dimensions of the axial specimens were: 3 (tangential) 
× 25 (radial) × 150 (longitudinal) mm3 and those of the radial specimens were 3 
(tangential) ×  25 (longitudinal) ×  100 (radial) mm3. Besides, the moisture 
content of the specimens was 10.5±0.5%.  
Wegst (2006) introduced the most important acoustic properties of wood and 
their limitations in a variety of musical instruments. Acoustical coefficient 
(radiation coefficient), characteristic impedance, loss coefficient (internal 
friction) and speed of sound in wood have been reported. She also made a 
summary of why certain species are suitable for particular type of instrument 
through plotting the various physical and mechanical properties and acoustical 
properties, see Figure 11.  
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Figure 11: Material property charts for wood, plotting Young’s modulus against density 
(for woods parallel to the grain), speed of sound against density, Young’s modulus 
against loss coefficient, sound radiation coefficient against loss coefficient (Wegst, 
2006). 
  
Taking the material for making soundboard as an example, from Figure 11, it 
illustrates that sound board woods have the best sound radiation property and 
low characteristic impedance. The low impedance means the sound can be 
easily transmitted into the air (Wegst, 2006).  
Specific modulus of elasticity, damping and acoustic conversion efficiency was 
also taken into account as important acoustical properties of wood in musical 
instruments by Sedik et al (2010). 
                                                                                             
30 
 
Literature review  
Yasuda et al. (1994) reported the use of chemical treatment to improve the 
acoustic properties and mechanical properties, such as the specific dynamic 
Young's modulus (𝐸 𝜌⁄ ), loss tangent (𝑡𝑎𝑛 𝛿) and acoustic converting efficiency 
(ACE). So as Yano and Minato (1993), they performed the similar test with 
chemical modification to control the timbre of wooden musical instruments on 
the same acoustic properties. The idea the authors used is consistent with the 
concept of concrete that the properties can be altered by adding different 
chemicals.   
Brancheriau et al. (2006) tried to find the relationship between the physical and 
mechanical properties and the perceptual classification of wood material 
specifically used in xylophone-type percussion instruments. Buksnowitz and 
Teischinger (2007) was to gain further insight by comparing the traditional 
knowledge and intuition of the instrument maker with the material science 
approach to objectively characterize the properties of the resonance wood. 
These properties were including acoustical, anatomical, mechanical and optical 
material properties.  The results showed that only the wood quality related to 
visible features can be accurately predicted by the luthiers but the mechanical 
and acoustical properties can not.  
Pérez and Poletti (2009) demonstrated that not all elastic characteristics of the 
vibrational behaviour of a material can be affected with the variations in 
humidity. Through non-destructive testing and experimental modal analysis, it 
has been proved that the significant variation can be found in the modulus of 
elasticity and mode of the vibration associated therewith.    
Rujinirun et al. (2005) determined the following acoustic properties of wood for 
making Ranad bars and the resonant box of one traditional Thai xylophone, 
including the specific dynamic Young’s modulus (𝐸 𝜌⁄ ), density (𝜌), hardness 
(H), acoustic conversion efficiency (ACE), and sound refraction coefficient (|𝛤|) , 
damping factor (𝑡𝑎𝑛 𝛿).  
Wood species, moisture content, direction of vibration and mode of vibration 
varies damping (Tsoumis, 1991). Sound radiation is largely dependent upon the 
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magnitude of the acoustic coefficient, which has occasionally named as sound 
radiation coefficient (Brémaud, 2008; Wegst, 2006; Yoshikawa, 2007).  
 
2.2.3.2 Physical, mechanical and other properties of wood 
The preceding research studies have demonstrated that the sound board plays 
an important role in the sound quality of chordophones. It can propagate the 
sound energy generated by the vibrating string, cause resonance to increase 
the amplitude of vibration and radiate a pleasing sound to the listener. It has an 
effect not only on the loudness of the sound, but also on the timbre it radiates 
and stabilization of tone quality. The characteristics of the material itself 
determine to large extent the acoustic quality of musical instrument.  
Spruce (Sitka spruce, picea abies) has been considered as the preferred choice 
for soundboards, as discussed from the above section. The properties of Sitka 
spruce are shown in Table 4 (Winandy, 1994): 
These properties on which the acoustical performance of the wood depends 
can be grouped in the following Table 5:   
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Table 4: Mechanical properties of Sitka Spruce 
 T
ab
le
 4
 M
ec
h
an
ic
al
 p
ro
p
er
ti
es
 o
f S
it
ka
 s
p
ru
ce
 a
 (
W
in
an
d
y,
 1
99
4)
 
S
it
ka
 
sp
ru
ce
 
S
p
ec
if
ic
 
g
ra
vi
ty
 b
 
S
ta
ti
c 
b
en
di
ng
 
Im
p
ac
t 
b
en
di
ng
 d
 
(m
) 
C
o
m
p
 
p
ar
al
le
l t
o 
g
ra
in
 e
  
(M
P
a)
 
C
o
m
p
 
p
er
p
en
-
d
ic
ul
ar
 to
 
g
ra
in
 f  
(M
P
a)
 
S
h
ea
r 
p
ar
al
le
l t
o 
g
ra
in
 g
 
(M
P
a)
 
T
en
si
o
n 
p
er
p
en
-
d
ic
ul
ar
 to
 
g
ra
in
 h
 
(M
P
a)
 
S
id
eh
ar
d
n
es
s 
lo
ad
 p
er
p
en
-
d
ic
ul
ar
 to
 g
ra
in
 
(M
P
a)
 
M
o
du
lu
s 
o
f 
ru
p
tu
re
 
(M
P
a)
 
M
o
du
lu
s 
o
f 
el
as
ti
ci
ty
 c
 
(G
P
a)
 
W
o
rk
 t
o
 
m
ax
im
u
m
 
lo
ad
 (
kj
/m
3 )
 
G
re
en
 
0.
37
 
39
.0
 
8.
42
 
43
.1
 
0.
61
 
18
.3
 
1.
9 
5.
2 
1.
7 
1.
56
 
D
ry
 
0.
40
 
69
.8
 
10
.7
5 
64
.4
 
0.
64
 
38
.4
 
4.
0 
7.
9 
2.
5 
2.
27
 
 N
ot
e:
  
a:
 S
am
pl
es
 a
re
 a
ll 
sm
al
l a
nd
 s
tr
ai
gh
t g
ra
in
 s
pe
ci
m
en
s.
 D
ry
 m
ea
ns
 th
e 
sa
m
pl
e 
is
 a
dj
us
te
d 
to
 a
 1
2%
 m
oi
st
ur
e 
co
nt
en
t. 
b:
 B
as
ed
 o
n 
w
ei
gh
t o
ve
n-
dr
y 
an
d 
vo
lu
m
e 
at
 m
oi
st
ur
e 
co
nt
en
t i
nd
ic
at
ed
 
c:
 M
ea
su
re
 f
ro
m
 a
 s
im
pl
y 
su
pp
or
te
d,
 c
en
te
r-
lo
ad
ed
 b
ea
m
, 
on
 a
 s
pa
n-
de
pt
h 
ra
tio
 o
f 
14
/1
. 
T
he
 m
od
ul
us
 c
an
 b
e 
co
rr
ec
te
d 
fo
r 
th
e 
ef
fe
ct
 o
f 
sh
ea
r 
de
fle
ct
io
n 
by
 
in
cr
ea
si
ng
 it
 1
0%
. 
d:
 H
ei
gh
t o
f d
ro
p 
ca
us
in
g 
co
m
pl
et
e 
fa
ilu
re
. 
e:
 M
ax
im
um
 c
ru
sh
in
g 
st
re
ng
th
. 
f: 
Fi
br
e 
st
re
ss
 a
t p
ro
po
rt
io
na
l l
im
it.
 
g:
 M
ax
im
um
 s
he
ar
in
g 
st
re
ng
th
. 
h:
 M
ax
im
um
 te
ns
ile
 s
tr
en
gt
h.
 
                                                                                             
33 
 
Literature review  
Table 5: The Properties of wood related to acoustic properties 
Properties References 
Modulus  of  elasticity  
(MOE) 
Nozaki et al., 1988; Norimoto,1982; Norimoto et al., 1986; Spycher 
et al., 2008; Pérez & Poletti, 2009; Buksnowitz, C. et al., 2007; 
Okuda A. & Ono T., 2008; Pérez M.A. & Poletti P., 2009; Waltham 
C. & Kotlicki A., 2008; 
Modulus  of  resistance  
(MOR) 
Buksnowitz, C. et al., 2007; 
Dynamic Young’s 
modulus 
Yankovskii, 1967; Yano et al., 1992, 1994, 1997; Nozaki et al., 
1988; Hearmon, 1958; Ono et al., 1979; Nakao et al., 1985; 
Meinel, 1957; Ono, 1996; Yano et al., 1993; Obataya et al., 2000; 
Aoki and Yamada, 1973, 1972; Shen, 2006; Brancheriau, L. et al., 
2006; 
Stability with humidity 
variation 
Buksnowitz, C. et al., 2007; 
Density 
Yankovskii, 1967; Yano et al. 1992, 1994, 1997; Obataya et al., 
2000; Aoki and Yamada, 1972,1973; Spycher et al., 2008; 
Rujinirun et al., 2005; Buksnowitz, C. et al., 2007; Okuda A. & Ono 
T., 2008; Pérez M.A. & Poletti P., 2009; Waltham C. & Kotlicki A., 
2008; 
Hardness Rujinirun et al., 2005; Wegst, 2006; Buksnowitz, C. et al., 2007; 
Internal friction Ono and Norimoto,1983; Brancheriau, L. et al., 2006; 
Thickness of the sample Buksnowitz, C. et al., 2007; Pérez M.A. & Poletti P., 2009; 
Microscopic view Spycher M., Scharze F.W.M.R., Steiger R., 2008; 
Water/humidity/moisture 
content 
Pérez & Poletti, 2009; Wegst, 2006; Pérez M.A. & Poletti P., 2009; 
Anisotropy 
Norimoto, 1982; Nozaki et al., 1988; Yano et al., 1994; Ono, 1996
；Obataya et al., 2000; Shen, 2006; Brancheriau, L. et al., 2006; 
Waltham C. & Kotlicki A., 2008; 
Dynamic shear modulus 
Nozaki et al., 1988; Yano et al., 1994; Hearmon, 1958; Ono et al., 
1979; Nakao et al., 1985; Ono, 1996; Yano et al., 1993; Obataya et 
al., 2000; Shen, 2006; Okuda A. & Ono T., 2008; Pérez M.A. & 
Poletti P., 2009; Waltham C. & Kotlicki A., 2008; 
Modulus of rupture 
(Flexural strength) 
Brancheriau, L. et al., 2006; 
Specific modulus of 
elasticity/stiffness to 
weight ratio/specific 
stiffness 
Ono and Norimoto, 1983; Shen, 2006; Wegst, 2006; Sedik et al, 
2010; Yasuda et al., 1994, Yano and Minato, 1993; Rujinirun et al., 
2005; 
Damping 
Sedik et al, 2010; Wegst, 2006; Buksnowitz, C. et al., 2007; 
Brancheriau, L. et al., 2006; 
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2.2.3.3 Acoustic properties of wood 
Attempting to use a new material instead of wood would be a very challenge 
work without a solid technique foundation. Many other musical instruments 
should be included, however, the existing instrument literature primarily focuses 
on these three: guitar, violin and piano. Take the soundboard as the resonator 
in stringed musical instrument as an example, the acoustic energy generated 
from the string is transmitted to the soundboard. Only part of the acoustic 
energy that enters the mass maybe absorbed due to repeated reflections of 
sound waves. Friction between the molecules in the bulk of the wood, which is 
initiated by sound, causes the variation and converts the acoustic energy to 
thermal energy (Tsoumis, 1991). The sound waves absorbed by wood are 
subject to damping due to a phenomenon named as gradual vibration decay. 
Another part of acoustic energy is dissipated by radiation to the atmosphere or 
by wood internal friction.  
Followed by the general review of the publication in this area, some of the most 
important acoustic properties are summarized in this section: speed of sound, 
acoustic impedance, sound radiation coefficient, and loss factor or vibration 
damping (Wegst, 2006); and acoustic conversion efficiency (Obataya et al., 
2000; Rujinirun et al., 2005; Yasuda and Minato, 1994). In order to make 
consistence with the preceding researches, the following equations and 
representation letters are used and might not be the same representation letters 
with other researchers.   
 
 The speed of sound 
The speed of sound 𝐶, with which sound travels through the material, m/s. It 
can be mathematically expressed in Eq.(4): 
𝐶 = √
𝐸
𝜌
 (4) 
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Where:  
𝐸 -- is the elastic modulus of material, Pa; 
𝜌 -- is the density of the material, kg/m3. 
This equation is a simplified expression for the sound velocities of two types of 
waves, longitudinal waves and transverse waves (Section 2.2.1.1), propagating 
in a homogeneous 3 dimensional solid (Fletcher and Rossing, 2010; Kinsler et 
al., 2000). In the previous research of the acoustic properties of wood, Eq. (4) 
was used as long as satisfying the diameter of the specimen is shorter than a 
wavelength. The speed of pressure waves can be easier to measure in “rod” 
and given in Eq. (4) (Fletcher and Rossing, 2010; Kinsler et al., 2000).The 
range of speed of sound in wood is shown in Table 6. 
Table 6: The range of speed of sound in wood (The Engineering ToolBox, 2011) 
 wood (Normal) wood (Hard) 
Speed of sound C (m/s) 3300-3600 3960~3962 
 
 Acoustic impedance 
The acoustic impedance 𝑍𝑛 of a material, also called the specific acoustic 
impedance or sometimes called characteristic acoustic impedance of a medium, 
which is defined as ratio of sound/acoustic pressure to specific flow, which is 
the same as flow per unit area, or the associated particle speed in a medium 
(due to their motion in the sound wave), N ∙ s ∙ m−3 or Pa ∙ s ∙ m−1 . It can be 
defined as in Eq. (5) and also can be expressed as in Eq. (6). This quantity is 
important in the determination of acoustic transmission and reflection at the 
boundary of two materials having different acoustic impedances.  
𝑍𝑛 =
𝑝
𝑢
 (5) 
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𝑍𝑛 = 𝐶𝜌 = √𝐸𝜌 (6) 
Where 
𝑝 -- is acoustic/sound pressure, Pa; 
𝑢 -- is the acoustic flow velocity or particle velocity of the medium, m/s;  
𝐶, 𝐸 and 𝜌 are the same as shown in Eq.(4). 
 
 Sound radiation coefficient 
The sound radiation coefficient 𝑅, which describes how much the vibration of a 
body is damped due to sound radiation, 𝑚4 ∙ 𝑘𝑔−1 ∙ 𝑠−1.  
𝑅 =
𝐶
𝜌
= √
𝐸
𝜌3
 (7) 
Where 
𝐶, 𝜌, and 𝐸 -- are the same as shown in Eq. (4). 
 
 Internal friction or vibration damping  
The loss factor (loss coefficient) 𝜂 = ∆𝑊/2𝜋𝑊, is defined as the ratio of the 
energy dissipated per radian ∆𝑊/2𝜋 and the total strain energy 𝑊 (Rao, 2010). 
It is most generally used to measure the degree to which a material dissipates 
vibrational energy by internal friction. The reciprocal of loss factor is also called 
the quality factor 𝑄 = 2𝜋𝑊/∆𝑊 which can be calculated by band width method, 
the detailed information of which can be found from Section 4.10.3.   Besides, 
as a result of phase lag between stress and strain in a function of time, the loss 
angle 𝛿 is also a measure of damping of the viscoelastic material. The tangent 
of loss angle is called loss tangent 𝑡𝑎𝑛 𝛿 which is identical to the value of loss 
factor introduced above and is at times also referred to as internal friction or as 
vibration damping (Lakes, 2009).   
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Hence internal friction or vibration damping can generally be written as (Lakes, 
2009; Rao, 2010): 
 
𝜂 =
1
𝑄
= 𝑡𝑎𝑛 𝛿 (8) 
 
 Acoustic conversion efficiency, (ACE) 
In musical instruments (e.g. sounding boards of guitars or violins), a minimum 
amount of damping (𝑡𝑎𝑛𝛿 ) due to wood internal friction and higher sound 
radiation coefficient (𝑅) is desirable. By combining these two factors, a new 
indicator named as Acoustic Conversion Efficiency (𝐴𝐶𝐸) is derived (Obataya et 
al., 2000; Rujinirun et al., 2005; Yasuda and Minato, 1994) as follows, m4 ∙ s−1 ∙
kg−1: 
𝐴𝐶𝐸 =
𝑅
𝑡𝑎𝑛𝛿
=
√𝐸 𝜌⁄
𝜌𝑡𝑎𝑛𝛿
 (9) 
Where 
𝑅, 𝑡𝑎𝑛𝛿, 𝐸 and 𝜌 -- are the same as shown in Eq.(7) and Eq.(8). 
The ACE is defined as the efficiency with which vibrational energy is converted 
into sonic energy.  
 
2.2.4 Testing methods 
In order to use cementitious material to perform the similar manner as wood 
used in musical manufacture, the acoustic properties to which the physical and 
mechanical properties of cementitious material are related have to be 
measured. Through comparing with the acoustic properties of wood and 
adjusting the physical and mechanical properties of the cementitious material by 
using different mixes, the acoustic quality of a concrete specimen can be 
achieved.     
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For the wood material, a lot of testing methods have been evaluated and 
analysed to describe the vibration properties. These efforts provide a scientific 
basis to judge these properties objectively. 
For the concrete material, the methodology for testing the acoustic properties of 
wood material can be followed. The methods for testing the other properties of 
concrete can be referred to their corresponding British Standards which are 
discussed in Section 2.3.4. 
Haines et al. (1996) determined the Young’s modulus, the modulus of elasticity 
of wood by dynamic methods. Through comparison of using the resonance 
flexure method with classical static flexure method and other dynamic methods: 
resonance longitudinal method and ultrasonic method, they suggested that the 
resonance flexure method can perform more rapidly. And with the availability of 
fast Fourier transform capability of the digital storage, oscilloscopes can even 
simplify the dynamic test analysis, especially for performing the resonance 
method on the characterization of wood for musical instruments. The results 
also showed that the dynamic values were a bit bigger in comparison with the 
static values. 
In order to characterize the acoustic properties of the material, some of the 
researches are concerned with the microstructure of the material cell, such as 
the study in Obataya et al. (2000). In their study, a simple mechanical model 
considering the microstructure of wood cell wall was built.  Then through finding 
the relationship between the microstructure and the vibrational properties of 
wood along the grain, the natural variation in acoustic factors of wood along the 
grain could be assessed.  
Sobue (1986) investigated the use of a tap method to determine the modulus of 
elasticity of wood by transient longitudinal vibration. The tap method is based on 
using a FFT (Fast Fourier Transformation) spectrum analyzer to identify the 
resonance frequency, then the Young's modulus of free-free longitudinal 
vibration can be calculated according to the vibration theory of elastic bodies 
(Timoshenko, 1978). The author of the study also concluded that the tap 
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method is feasible not only for small beams but also for construction lumber of 
commercial size in obtaining their modulus of elasticity.  
Brancheriau et al. (2002) reported that longitudinal modulus of elasticity in 
evaluating the acoustical coefficients can be determined through free vibration 
of a free–free bar method in accordance with the FFT analysis and Timoshenko 
beam equations. 
The sound velocity in longitudinal, radial and tangential directions was 
determined by applying the ultrasonic travelling time method based on a 
transmitting pulse technique in Bucur and Archer (1984). 
Hearmon (1959) proposed the free-free flexural vibration method to determine 
the dynamic Young’s modulus 𝐸′  and the loss tangent tan 𝛿  in the L direction. 
This method is also used in Obataya et al. (2000). 
Ono (1980) proposed the torsion vibration method to measure the dynamic 
shear modulus 𝐺′and loss tangent tan 𝛿  in the LR plane. This method is also 
used in paper Obataya et al. (2000)  
The potential test methods for testing the properties of the sample material 
related to the acoustic properties are shown in Table 7 and Table 8: 
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Table 7: Test methods for the properties of structural materials related to acoustics 
Properties of 
structure 
measured 
Method Equipment 
Sample 
size 
References 
Frequency 
response 
Vibration 
FFT analyzer, 
microphone 
Replicas or 
original of 
wooden 
guitar top 
board or 
shell of 
drum 
Okuda A. & Ono 
T., 2008; 
Sound 
spectra 
Striking the 
sample 
Rossing T.D., 
1992; 
Decay rates 
Mode shapes 
1.Scanning the 
near field sound 
(excited by 
magnetic driver); 
2.Holographic 
interferometry; 
1.Electrets condenser 
microphone; 
2.Lazer, spatial filter, 
photographic film. 
Sound 
radiation 
The sample 
suspended with 
rubber bands on a 
rotatable platform 
in anechoic room. 
Sinusoidal force 
applied, sound 
pressure 
measured 
Electrets condenser 
microphone (one 
meter away) 
Sound 
velocity 
Ultrasonic pulse 
velocity test 
Ultrasonic analyser 
combines pulse 
receiver, piezoelectric 
ceramic transducer, 
oscilloscope 
Cubes of 
16mm 
Bucur, V.,2006; 
Neville & 
Brooks, 2010 
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Table 8: Modal analysis (using impact excitation) 
Properties of 
structure 
observed 
Equipment References 
Frequency 
response 
1.FEM(ANSYS); 
2.Accelerometer 
along with transduc-
er hammer, Ono 
Sokki CF-930 FFT 
analyzer, SMS Mod-
el 3.0 software on a 
Hewlett-Packard 
332 computer 
1.Okuda A. & 
Ono T., 2008; 
2.Rossing T.D., 
1992; 
 
 
Mode shapes 
Accelerometer 
along with transduc-
er hammer, Ono 
Sokki CF-930 FFT 
analyzer, SMS Mod-
el 3.0 software on a 
Hewlett-Packard 
332 computer 
Rossing T.D., 
1992; 
 
Radiation 
efficiency 
BEM software (that 
integrated the 
Helmholtz integral 
equation) 
Bissinger, G.,  
1995 
Elastic 
Modulus in x 
and y. 
Accelerometer 
along with 
transducer hammer 
for the excitation, 
the modal and 
structural analysis 
software ME’Scope 
VESTM7754; 
Pérez M.A. & 
Poletti P., 2009 
 
 
 
                                                                                             
42 
 
Literature review  
2.3 Mortar/Concrete 
A small number of musical instruments, constructed from concrete or mortar, 
are known to have existed. However, none of this previous work has 
investigated the acoustic properties of concrete in musical manufacture. In 
order to develop the knowledge of concrete to help it perform a similar acoustic 
behaviour as wood in musical manufacture, a deeper understanding of the 
material is required, in particular their mechanical and acoustic properties, and 
how they relate to  wood as a material.  
A wide range of cementitious materials, binders, additives and fabrication 
processes etc. are available to produce concrete. This diversity could be quite 
challengeable in this case, as it can provide massive different microstructures 
and consequently acoustical properties. In order to optimise these properties, 
their corresponding potential properties related to the acoustic properties have 
to be understood. From the workability point of view in musical instrument 
manufacture, producing a light-weight concrete could be the most suitable 
material for making a portable musical instrument. And also, since the concrete 
is a product of reaction between several types of cement, additives, admixtures, 
fibres, water etc., so the properties of concrete can be governed by the 
properties of its constituents and also by the presence of interaction between 
them. In this section, all the individual ingredients of the concrete mix: cement, 
aggregate, additives, water will be concerned with their characterisation. 
 
2.3.1 Definition of terms 
In this section, some frequently used but easily confused terms are listed here: 
Mortar and Concrete 
Mortar is a mixture of cement, water and fine aggregate (sand) (Domone and 
Illston, 2010).  
Concrete is originally defined as a mixture of cement, water, fine aggregate 
(sand) and coarse aggregate (gravel or crushed rocks) in which the cement and 
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wateris hardened by chemical reaction – hydration – to bind the nearly (non-
reacting) aggregate (Domone and Illston, 2010). Nowadays, with the 
development of concrete knowledge, it has a much broader sense. Nevil and 
Brooks in his book (2010) describe it as “any product or mass made by the use 
of a cementing medium, generally, this medium is the product of reaction 
between hydraulic cement and water”. It can cover a wide range of products: 
“concrete is made with several types of cement and also containing pozzolan, 
fly ash, blast-furnace slag, micro-silica, additives, recycled concrete aggregate, 
admixtures, polymers, fibres etc.; and these concrete can be heated, steam-
cured, autoclaved, vacuum-treated, hydraulically pressured, shock-vibrated, 
extruded, and sprayed.” Nowadays, with or without coarse aggregate seems not 
the dividing line between concrete and mortar, such as in high performance 
concrete (HPC), high performance fibre reinforced concrete (Kim et al., 2011; 
Le et al., 2007, 2012), but there are no coarse aggregate included in this type of 
concrete, traditionally saying, they are mortar. Hence, any cementitious material 
based composite can be considered as concrete in a broad sense.  
 
Types of density:  
Density, or mass density, is the material’s mass per unit volume. In some cases 
(for instance, in the United States oil and gas industry), density is also defined 
as its weight per unit volume, although this quantity is more properly termed as 
specific weight. Mathematically, density is defined as mass divided by volume: 
𝜌 =
𝑚
𝑉
 (10) 
 
Where 
𝜌 – Density, kg/m3 or kg ∙ m−3; 
𝑚 – Mass, kg; 
𝑉  – Volume, m3. 
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Bulk density, mass of many particles of a particulate solid or a powder divided 
by the total volume they occupy. The total volume includes particle volume, 
inter-particle void volume and internal pore volume. It is a property of powders, 
granules and other “divided” solids, especially used in reference to mineral 
components (soil, gravel), chemical substances, pharmaceutical ingredients etc.   
Take the soil as an example: 
Dry bulk density = mass of soil/volume as a whole 
𝜌𝑏 =
𝑚𝑠
𝑉𝑡
 (11) 
Wet bulk density = mass of soil plus liquids/volume as a whole 
𝜌𝑡 =
𝑚𝑡
𝑉𝑡
 (12) 
Particle density, or true density, is the density of the particles that make up a 
particulate solid or a powder. 
Relative density or specific gravity, a measure of density (mass of a unit 
volume) of a substance in comparison to the density (mass of same unit 
volume) of a reference substance. Relative density of some typical material can 
be found from Table 9.  
It can be expressed mathematically as: 
𝛾 =
𝜌𝑠𝑎𝑚𝑝𝑙𝑒
𝜌𝐻2𝑜
 (13) 
Where: 
𝛾 -- is relative density or specific gravity, dimensionless; 
𝜌𝐻2𝑜 -- is the density of water, 1000 kg/𝑚
3; 
𝜌𝑠𝑎𝑚𝑝𝑙𝑒 -- is the density of the sample, kg/𝑚
3. 
Therefore: 
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𝛾 =
𝑚𝑠𝑎𝑚𝑝𝑙𝑒
𝑚𝐻2𝑜
 (14) 
Where 
 𝛾 -- is same as in Eq. (13);  
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 -- is the mass of the sample, kg; 
𝑚𝐻2𝑜 -- is the mass of the water, kg. 
Table 9  Relative density of some materials 
 Cement Fly ash GGBS Silica fume Sand 
Relative 
density/ Specific 
gravity 
3.13 1.9 to 2.8 2.85 to 2.95 2.20 to 2.5 2.62 
 
Specific modulus, it is a materials property consisting of the elastic modulus per 
mass density of a material. It is also known as the stiffness to weight ratio or 
specific stiffness.  
Specific modulus of elasticity, it means 
𝐸′ =
𝐸
𝜌
 (15) 
Where  
𝐸′ -- Specific modulus of elasticity, m2 ∙ s−2; 
𝐸  -- Modulus of elasticity, Pa or N ∙ m−2; 
𝜌  -- Density, kg/m3 or kg ∙ m−3.  
                                                                                             
46 
 
Literature review  
2.3.2 Selection of constituent material 
In this section, the information of constituent types of concrete are roughly 
discussed and reviewed. It is aimed to look for the potential material to be 
explored in this research.  
 
2.3.2.1 Cement/Cementitious material 
From probably the first use of concrete by the Ancient Romans, a material, 
based on hydraulic cement, could be hardened with water. With this property 
and its related properties of not undergoing much change in life have 
contributed to this material becoming the widely used building material, 
concrete. As the vital constituent of the resulting concrete, Portland cement can 
be seen as the generic material. While with different chemical composition, it 
can exhibit different properties. Thus it could be possible to select mixtures of 
raw materials for the production of cements with various desired properties. In 
fact, main types of Portland cement have been classified by British standards 
(BS 12 1996; BS 146, 1996; BS 1370, 1979; BS 4027, 1996; BS 6558, 1996; 
BS EN 197-1, 2011; BS 6699, 1992; BS EN 15167-1, 2006; BS EN 15167-2, 
2006).  Among these, ordinary Portland (Type I) cement is generally and most 
widely used cement (Neville, 1995; Neville and Brooks, 2010). 
With the developing pace of technological change, cementitious materials have 
been gradually introduced into concrete family.  Various materials that 
contribute to the strength of concrete after chemical action are collectively 
assigned to cementitious materials. It is defined as finely divided material that 
replaces or supplements the use of Portland cement. Their use reduces the 
cost and/or improves one or more technical properties of concrete (Neville, 
2011). These materials include fly ash (also known as pulverized fuel ash--
PFA), GGBS (ground granulated blast furnace slag), condensed silica fume, 
limestone dust, cement kiln dust, and natural or manufactured pozzolans, such 
as calcined shale, calcined clay or metakaolin etc (Kosmatka et al., 2002). The 
use of these cementitious materials in blended cements offers advantages such 
as increased cement plant capacity, reduced fuel consumption, lower 
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greenhouse gas emissions, control of alkali-silica reactivity, or improved 
durability. These advantages vary with the type of alternative cementitious 
material (Kosmatka et al., 2002). 
 Fly ash 
Fly ash, known also as pulverized-fuel ash (or PFA), is the ash precipitated 
electrostatically or mechanically from the exhaust gases of coal-fired power 
station; and it is the most common artificial pozzolan (Neville and Brooks, 
2010).  ASTM C618 - 78 describes pozzolan as siliceous, or siliceous and 
aluminous material, which in itself possesses little or no cementitious value but 
will, in finely divided form and in the presence of moisture, chemically react with 
calcium hydroxide (slaked lime liberated by hydrating Portland cement) at 
ordinary temperatures to form compounds possessing cementitious properties. 
The fly ash particles are spherical and have a very high fineness: the majority of 
particles have a diameter between less than 1 μm and 100 μm and the specific 
surface of fly ash is usually between 250 and 600 m2/kg. In the air permeability 
test, it shows higher resistance to air flow as the spherical particles pack more 
closely than the irregularly shaped particles of cement (Hughes, 1989). The 
interesting part of fly ash is that there exists both the hollowed spheres (whose 
specific gravity can be less than 1) and some small particles which contain 
magnetite or haematite have a high specific gravity. It turns out that the typical 
value of specific gravity is 2.35 (ACI 232.2R:2003). The classification of fly ash 
is given in ASTM C618 - 08.  
Hence the advantages of using fly ash would be (Neville and Brooks, 2010): 
 Reduce the permeability to water and aggressive chemicals; 
 Create a denser concrete because the size of the pores are reduced; 
 A reduction in the amount of water needed for mixing concrete compared 
with Portland cement at the same workability; 
 Better workability, cohesiveness, finish, durability and higher ultimate 
strength. 
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Fly ash is always used in conjunction with Portland cement. These two 
materials may be interground or blended. They can also be combined in the 
concrete mixer. The largest proportion of consisting of fly ash is allowed in BS 
6610:1991, namely 53 percent. The lowest proportion mentioned in BS EN 197-
1:2000 is 6 percent. The highest percentages and more advantages of using fly 
ash can also be found from latest concrete researches discussed as below. 
FA and MS (micro silica) were used as partial cement replacements on a weight 
to weight basis. Varied replacement levels have been used. They are 20% FA, 
30% FA, 5%MS, 10%MS, 15%MS and 20% FA + 5% MS, 20%FA + 10%MS, 
30%FA + 10%MS, 40%FA +10%MS, 40%FA+15%MS (Khan, 2012).  
The author concluded that “the incorporation of fly ash resulted in a marginal 
reduction in the dynamic modulus of elasticity and ultrasonic pulse velocity 
values, especially in longer ages.” However, they also pointed out that the use 
of fly ash was viable when economic and environmental benefits were sought 
given the level of performance achieved. The incorporation of 5% MS had no 
significant effect on the properties mentioned above, but the gain was 
substantially increased with 10% MS replacement level. Above 12% 
incorporation the reductions were marginal (Khan, 2012). The results also 
demonstrated that there was an interaction between fly ash and micro silica, 
with their level of replacement and the age of curing (7days, 28days, 90days 
and 180days) (Khan, 2012).  
Liu (2009) used fly ash as the replacement of cement, in volume ratios of 20%, 
40% 60% and 100%. He concluded that “replacing cement with 20% fly ash has 
no significant effects on hardened properties. But higher replacement levels 
lead to a reduction in the compressive strength, ultrasonic particle velocity and 
dynamic modulus” (Liu, 2009).  
Khokhar et al. (2010) used fly ash with 25%, 50% and 75% replacement volume 
ratios to replace the cement. Their experiment work showed the same result as 
Liu (2009) that concrete made with cement and fly ash have higher strength as 
the volume of fly ash decreased, and also showed that the compressive 
strength of concrete blended with fly ash increases with age, regardless of the 
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different replacement volume of fly ash added. This is mainly due to the slow 
pozzolanic reactions of fly ash (Khokhar et al., 2010).  
 
 GGBS 
Ground granulated blast-furnace slag (GGBS), also called slag cement, is made 
from iron blast-furnace slag but ground to an appropriate fineness about 400 to 
600 m2/kg. The relative density is in the range of 2.85 to 2.95. The bulk density 
varies from 1050 to 1375 kg/m3. The shape of GGBS is angular in contrast to 
fly ash. When used as cementitious material, it can be used as a replacement of 
Portland cement and put into the mixer the same time with Portland cement 
same as Fly ash. The procedure is covered by BS EN 206-1:2000. The 
properties that GGBS improves are summarized as follows (Kosmatka et al., 
2002; Neville, 2011; Neville and Brooks, 2010): 
 Can be ground to any desired fineness value; 
 Better workability; 
 Reduce bleeding of concrete (Bleeding is a form of segregation in which 
some of the water in the mix tends to rise to the surface of freshly placed 
concrete (Neville and Brooks, 2010).); 
 Increase higher early strength; 
 Act as water-reducing agent when combined with Portland cement. 
Specification for GGBS for use in concrete and mortar can be found either in 
ASTM C989 - 06 or BS EN 15167-1:2006 GGBS. BS 6699:1992 is used to 
describe the use of ground granulated blast-furnace slag with Portland cement. 
The amount of GGBS can be added to Portland cement from 6% up to 85% 
mentioned in BS 8500-1:2006. In order to determine the proper replacement 
ratio of GGBS, the following reviews are made. Then, the unworkable concrete 
blended with GGBS can be avoided to make according to these replacement 
ratio of GGBS.  
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Khokhar  et al. (2010) used GGBS with 25%, 50%, 75% and 85% replacement 
volume ratios to replace the cement. They showed that “concrete mixtures 
blended with GGBS have low strength at early age while exhibiting equal or 
more strength at later stages due to the fact that GGBS has a low degree of 
hydration at early age with respect to that of Portland cement. The difference of 
strength caused by the GGBS level may remain until later stages for the GGBS 
level of 75% or 85% replacement”. Khokhar et al. also concluded that in the 
long term, concrete mixtures with GGBS have values very close to the concrete 
mixture with pure ordinary Portland cement.  
Babu and Kumar (2000) used GGBS from the range of 10% ~ 80% replacement 
volume ratios to replace the cement. Their results showed that 28-day 
compressive strengths of concretes containing GGBS up to 30% replacement 
were all slightly above that of normal concretes. But at all the other percentages 
(50%, 60%, 65%, 70%) of GGBS replacement, the compressive strength is 
below that of the normal concrete. It was also observed that the variations 
caused by the different percentages of GGBS replacement were smaller than 
the corresponding variations with fly ash (Babu and Kumar, 2000).  
In the CEMEX report (2010), Educational guide to cementitious materials, 
different cement types are recognized as with different cementitious additions, 
the ones with GGBS are having 6-20%, 21-35%, 36-65% and 66-80% different 
replacement ratios (CEMEX, 2010). 
 
 Silica fume 
Silica fume is also known as micro-silica or condensed silica fume, which is a 
by-product of the manufacture of silicon and ferrosilicon alloys from high-purity 
quartz and coal in a submerged-arc electric furnace.  Its escaping gaseous SiO 
condenses in the form of extremely fine spherical particles of amorphous silica, 
which is highly reactive in speeding up the reaction with Portland cement. The 
small particles of silica fume also fill the space between cement particles thus 
minimize the voids. 
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It is a typical material of pozzolan as kind of cementitious material.  It can be 
added directly to the concrete as an individual ingredient or in a blend of 
Portland cement and silica fume. The specification for factory-produced 
cements containing silica fume are included in BS EN 197-1. While the 
specifications for its use as addition to concrete are in BS EN 206-1 and BS 
8500.  But the adoption of this material for our research has been considered 
upon the following properties referred to the standard BS EN 13263 part 1:2005 
and part 2:2005, ASTM C1240 - 12. 
 High flow-ability at low water content 
 Low porosity 
 Homogenous structure  
 Improved strength (Compressive strengths in excess of 60 N/mm2 are 
easily achieved. Higher flexural strength and modulus off elasticity than 
conventional concretes of equal compressive strength.)  
 Greater resistance to abrasion and impact than conventional concretes 
of similar strength grade 
 Lower permeability and improved durability (due to the fine particle size) 
 Environmental benefits (due to reduced cement contents) 
 
2.3.2.2 Water/ Water cement ratio 
As one of the main constituents of the concrete, water performs its vital effect 
on the quality or the strength of the concrete used in construction. While 
compared with wood material used in making musical instrument, clear 
distinction must be made between these two materials according to this same 
ingredient. In the material of wood for making musical instrument, if the water 
content goes higher due to the exposure to air, then the tone of the soundboard 
can be influenced and the loudness of the sound can be reduced (Pérez and 
Poletti, 2009; Wegst, 2006). While in the concrete used in construction, the 
water/cement ratio can be assessed indirectly through the workability of the mix, 
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the cementitious material content and strength. In the case of the British 
standard (1997) method, water/cement ratio can be obtained, providing that the 
given mean value of the compressive strength, the type of coarse aggregate, 
the type of cement and the age are known. But it is important to know that the 
water/cement ratio selected on the basis of strength is satisfactory also for the 
durability requirements. We should also recall that, for a given workability, the 
water requirement of the mix can be lowered by increasing the maximum size of 
aggregate.     
Since water is having quite important effect on concrete but contradictory in 
musical instrumental material, at least the water/cement ratio for durability 
should be established prior to the commencement for the structure design, as 
the compressive strength is not the key point for making the musical instrument.   
 
2.3.2.3 Aggregate 
Since approximately three-quarters of the volume of concrete are occupied by 
aggregate, it is not surprising that the properties of the aggregate are of 
considerable importance and may have great influence on the properties of the 
fresh or hardened concrete. From the construction point of view, aggregate 
testing is of value in assessing its suitability for use in concrete, including 
grading, strength, thermal properties etc.. But for the research on a material for 
making musical instrument, the following points may be needed to concern with: 
 Size  
Concrete is made with aggregate particles covering a range of sizes. In 
common for the manufacture of good quality concrete, “the aggregate in size 
are separated to two, with the division being at a size of 5 mm. This divides fine 
aggregate from coarse aggregate.” Whether the size of the aggregate has the 
influence on the acoustical properties of the whole concrete, it deserves to be 
tested with, as the size of the aggregate may influence the density and porosity 
of the material. While the density and porosity are properties of wood which 
have a significant influence on the acoustic properties of the soundboard. It also 
has to be mentioned that the larger the size of aggregate the lower the water 
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requirement of the mix so that, for specified workability, the water/cement ratio 
can be reduced with the strength increases.  While there is also an adverse 
effect of an increase in size of the largest particles in the mix exists, in fact, only 
sizes below 40mm the advantage of the lowering of the water requirement is 
dominant (BS 12620, 2002; BS 882:1992). 
 Specific gravity 
As in wood material used for making soundboard, the specific gravity is also an 
important factor which has to be carefully defined. It can have effect on the pore 
which is either permeable or impermeable. “The specific gravity is defined as 
the ratio of the density of a material to the density of distilled water at a stated 
temperature and it is dimensionless.”  BS EN 1097-6:2000 and BS EN 1097-
3:1998 use the term particle density, expressed in kg/m3. Thus particle density 
is numerically 1000 times greater than specific gravity. BS EN 932-1:1997 
provide the detailed method to determine this value.   
 Porosity and absorption 
The pores in aggregate vary in size over a wide range. Since aggregate 
represents nearly three-quarters of the volume of concrete it is clear that 
porosity of the aggregate definitely contributes to the overall porosity of 
concrete. Various stages which are showing the different water content have to 
be stated. When all the pores in the aggregate are full, it is saturated and 
surface-dry (SSD). Some water will evaporate so that the aggregate is air-dry. 
Prolonged drying in an oven would eventually remove the moisture completely 
and is bone-dry or oven dry. Except these three stages, the moisture content 
can be used to define the water in excess of the SSD condition.  So the total 
water content in a moist aggregate will equal to the sum of the absorption and 
moisture content. Standard procedures are described in BS EN 932-1:1997, BS 
EN 1097-3:1998, BS 812-109:1990 and BS EN 1097-5:1999.  
 Typical sand used in other researches 
Typical sand used in other researches are compared and referenced in  
Table 10, which can be used to guide for picking up sand used in this research.  
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Table 10 Typical sand used in other researches 
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2.3.2.4 Additives/Admixtures 
The big difference between concrete and natural material, such as wood, is that 
the properties of the more commonly used cements can be changed by 
incorporating a suitable additive or an admixture. A large amount of proprietary 
products are available, supplying with their desirable effect described by the 
manufacturers, but some other effects may not be known, so that a cautious 
tests may be required during the research.  It should be noted that except for 
the existing different types of cement, admixture will be applied at the mixing 
stage. The classification of chemical admixtures is provided in detail by the BS 
5075-1:1982 and BS EN 934-2:2009+A1: 2012. They are essentially water-
reducers (plasticizers), set-retarders and accelerators. 
Among many types of admixtures and from the point of view for making 
concrete as the material making musical instrument, the water-reducers would 
be the most appropriate type for use. As discussed above, water content is a 
quite important factor influencing the acoustic properties of wood soundboard. 
Water/cement ratio is also important for making the concrete with expected 
strength. This contradiction can be resolved by using this admixture, as one of 
the purposes of using admixtures is “to achieve a higher strength by decreasing 
the water/cement ratio at the same workability as an admixture-free mix” 
(Neville and Brooks, 2010). The detailed requirements are given by BS EN 934-
2:2009.  
The use of pozzolans (fly ash and silica fume) and slag has been discussed in 
category cement/cementitious material. In fact both these materials can be 
regarded as additives or admixtures with cementitious properties. 
Superplasticizer is a more recent and more effective type of water-reducing 
admixture known in the US as high range water reducers and noted as Type F 
by ASTM. There exists also a high range water-reducing and set-retarding 
admixture, classified as Type G. More details can be referred to BS EN 934-
2:2009 and ASTM C494 / C494M - 10a.  
Superplasticizer can make the concrete with low water/cementitious material 
ratio around 0.25 and sometimes below 0.2 (Neville & Brooks, 2010). 
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2.3.3 Physical/mechanical properties of cementitious 
materials 
Comparing with the properties of wood related to the acoustics, the following 
properties of cementitious material will be concerned as the most important 
properties related to the acoustics. The literature on how to determine them and 
test methods should be made. However other properties such as permeability, 
creep, shrinkage, freeze-thaw and corrosion resistance, fire resistance and 
fatigue behaviour etc. will not be mentioned in this section.   
 
2.3.3.1 Density 
Density is defined as the mass per unit volume. It can be obtained by weighing 
the compacted fresh concrete in a standard container of known volume and 
mass; ASTM C138 / C138M - 12a, BS 1881-107:1983 and BS EN 12350-
6:2000 describe the test.  
𝜌 =
𝑚𝑐 + 𝐴𝑓 + 𝐴𝑐 + 𝑚𝑤
𝑉
 (16) 
Where:  
The masses per batch of water, cement, fine aggregate, coarse aggregate is 
𝑚𝑤, 𝑚𝑐, 𝐴𝑓 and 𝐴𝑐 respectively. 
𝑉 – Volume, m3 
It can also be measured by water displacement according to BS EN 12390-
7:2009.  
𝜌 =
𝑚
𝑉
 (17) 
 
𝑉 =
𝑚𝑎 − [(𝑚𝑠𝑡 + 𝑚𝑤𝑠) − 𝑚𝑠𝑡]
𝜌𝐻2𝑂
 (18) 
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Where: 
𝑉 -- is the volume of the specimen, in m3; 
𝑚𝑎 -- is the mass of the specimen in air, in kg; 
𝑚𝑠𝑡 -- is the apparent mass of the immersed stirrup, in kg; 
𝑚𝑤𝑠 -- is the apparent mass of the immersed specimen, in kg; 
𝜌𝐻2𝑂 -- is the density of water, at 20°C, taken as 998 kg/m
3. 
 “The density of guitar wood averages between 400-800 kgm-3” (Jahnel, 2000), 
while the average density of common cement is between 2750-3200kgm-3 (BS 
EN 197-1:2010). But the practical range of densities of lightweight concrete is 
between 300 and 1850 kg/m3 and density of normal concrete is 1750 to 2400 
kg/m3 (Neville, 2011).   
There are also specific density and bulk density which have to be distinguished 
in concrete. This can be referred to the Section 2.3.1 or more detailed 
information from BS 812-2:1995, BS EN 1097-3:1998, Neville and Brooks 
(2010), Neville (2011) and Illston, Dinwoodie and Smith (1990). 
 
2.3.3.2 Porosity 
In order to study the effect of total porosity on the acoustic properties of the 
concrete, the detailed structure of porosity in concrete needs to be understood. 
Especially the capillary pores, “which can be empty or full of water, depending 
on the quantity of the original mix water and whether additional water could 
ingress during hydration”, while this has also to be distinguished with gel pores, 
which is “the solid products of hydration” and can also be measured using gel 
water, which is located between the gel pores (Neville and Brooks, 2010). The 
reason for the porosity could refer to the water/cement ratio and all these 
volumes of the structure can be measured referring to BS EN 1008:2002, BS 
1881-124:1988, BS 1881-122:1983. 
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2.3.3.3 Compressive strength 
Strength of concrete is traditionally considered as the most valuable property in 
construction use, especially its compressive strength. However if the 
cementitious material is used for manufacturing the musical instrument, the 
requirement of the strength seems not necessarily high. From the sound 
mechanism standpoint, excluding the effect of the acoustic properties of the 
material itself, the only force the material resists could be vibration force 
transmitted from the string to the fixing point of the soundboard, taking the string 
instrument as an example, or the impact strength which the keyboard of the 
Idiophones need to stand, such as xylophone.  
 
2.3.3.4 Elasticity 
In the properties of wood material for making musical instrument, elasticity 
seems the most related property to the acoustic properties of the soundboard, 
which has been mentioned in large quantities from the previous researches, 
referring to the Section 2.2.3.1. Compared with the wood, “the Young’s Modulus 
of wood is only between 8-12 GPa” (Jahnel 2000), the static modulus of 
elasticity of concrete can be calculated through standards corresponding to their 
compressive strength. The roughly value for normal concrete is around 20 to 25 
GPa. But it can also be adjusted to 1.7 and 3.5 GPa as aerated 
concrete/cellular concrete/lightweight concrete or 7 to 12GPa as no fines 
concrete (Neville, 2011). Besides, if compared with timber, there are also more 
methods to lower the elastic modulus of concrete, such as adding lower elastic 
modulus of aggregate, adding clay or entraining agent or bentonite etc. 
(Counto, 1964; Dilli et al., 2015; Jiang et al., 2015; Mahboubi and Ajorloo, 2005; 
Neville, 2011). The mathematical expressions and testing methods are shown 
in BS 1881-121:1983.  
The dynamic modulus of elasticity can be determined and tested conforming to 
BS 1881-209:1990. This property is primarily used to evaluate concrete in 
durability tests without damaging the specimen; it is also an appropriate value 
for structures subjected to dynamic loading (i.e. impact or earthquake).  
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Mehta and Monteiro (1993) reported that the dynamic modulus of elasticity is 
generally 20, 30 and 40% higher than the static modulus of elasticity for high, 
medium and low strength concrete respectively.   
Neville (2011) also mentioned that the ratio of the static to dynamic moduli is 
higher with the higher strength of concrete and increase with age.   
Different testing methods were also used to determine their relationship.  
Neville (2011) showed that the modulus calculated from resonant frequency 
tests (dynamic modulus), in the majority of cases, exceeds that measured from 
static loading tests (elastic modulus).  
Dias et al. (1990) also found that dynamic modulus of elasticity determined by 
pulse-velocity technique using a pundit instrument seems more sensitive to 
moisture loss and the change of dynamic modulus of elasticity with temperature 
is greater than that of elastic modulus.  
Some widely used equations used for describing their relationships can be 
found in Section 3.3.3. 
 
2.3.3.5 Flexural strength/modulus 
The bending test is used for determining the mechanical properties of 
unidirectional composite materials (Mujika, 2006). In the concrete field, the 
flexural test is typically performed in the design of highway or pavement slab 
(Neville and Brooks, 2010). However, the flexural test is not convenient for 
control or compliance purpose because the test specimens are heavy (typically 
150 × 150 × 750 mm  prescribed in BS EN 12390-5:2000) and are easily 
damaged. Also the outcome of the flexure test is strongly affected by the 
moisture conditions, the dimensions of the specimen, and the arrangement of 
loading (Mujika, 2006; Theobald et al., 1997). Therefore, compressive strength 
is still used as routine testing after an experimental relation between flexural 
strength and compressive strength is established from trial mixes (Neville, 
2011).   
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Flexural modulus is computed as the ratio of stress to strain in flexural 
deformation. Stiffness is directly linked to the Flexural Modulus. The higher the 
Flexural Modulus, the stiffer the material. The lower the Flexural Modulus, the 
more flexible it is (Gere, 2012). If the material is used for designing the 
soundboard of the musical instrument, the flexural modulus is typically 
measured rather than the modulus of elasticity measured in compression or 
tension. However, due to mortar being weak in bending, flexural modulus 
related research is typically performed on concrete, or when mortar is reinforced 
with a higher elasticity material, such as fibres, wire meshes etc.. However, 
there is still little investigation on the modulus of elasticity in flexural. The 
modulus of a composite is more complicated to measure and understand.  
A thorough investigation on the flexural behaviour of thin cement composites 
composed of mesh wires and mortar was conducted by Hossain and Awal 
(2011).  Based on the analyses and experimental data, new equations for the 
modulus of elasticity of thin cement composite were derived. They also 
concluded that the flexural modulus of thin cement composite depends on the 
elastic modulus of mortar and some factors of the difference of elastic modulus 
of mesh and mortar. Results obtained by using the proposed equations were 
also compared to those of the available equations, giving a relatively 
conservative results. But the validation of these new developed equations were 
also checked by comparing the experimental results and results obtained by the 
proposed equations, and there is a good agreement between the analytical and 
experimental results (Hossain and Awal, 2011).  
Yao and Li (2003) reported the flexural behaviour of bamboo-fiber-reinforced 
mortar laminates. The laminate was a sandwich plate combined with reformed 
bamboo plate and extruded PVA fiber-reinforced mortar sheets. Their test 
results showed that the reformed bamboo plate can greatly strengthen the fiber-
reinforced mortar sheet and reduce the total weight of the composite. The PVA 
fiber itself have improved the stiffness of the mortar as well (Yao and Li, 2003).  
The international Standard unit of Flexural Modulus is the pascal (Pa or N/m2 or 
kg∙m-1∙s-2). The practical units used are mega-pascals (MPa or N/mm2) or gig-
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pascals (GPa or kN/mm2). In the US customary units, it is expressed as pounds 
(force) per square inch (psi) 
Most commonly used standards to measure Flexural Modulus are ASTM D790 - 
10 and ISO 178. However for concrete material, it is commonly calculated from 
the data collected from the flexural strength testing according to ASTM C78 / 
C78M - 10 (concrete) and ASTM C580 - 02 (2008) (mortar etc.).  
 
2.3.4 Testing methods 
In order to use cementitious material to perform the similar manner as wood 
used in musical manufacture, the acoustic properties and to which the physical 
and mechanical properties of cementitious material are related have to be 
measured. Through comparing with the acoustic properties of wood and 
adjusting the physical and mechanical properties of the cementitious material by 
using different mixes, the acoustic quality of a concrete specimen can be 
achieved.     
For the wood material, a lot of testing methods have been evaluated and 
analysed to describe the vibration properties. These efforts provide a scientific 
basis to judge these properties objectively. 
For the concrete material, the methodology for testing the acoustic properties of 
wood material can be followed. The methods for testing the other properties of 
concrete can be referred to their corresponding British Standards and European 
Standards. In this section, the general test methods of concrete are 
summarized and shown in Table 11: 
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Table 11: Test methods for the properties of concrete 
Properties 
measured 
Sample type Standard 
Compressive 
strength 
150mm cube 
BS EN 12390-
3:2009 
150×300mm cylinder (the length shall be twice the 
diameter) or 100×200mm  
ASTM C39 / C39M - 
11 
Flexural 
strength 
𝟏𝟎𝟎 × 𝟏𝟎𝟎 × 𝟓𝟎𝟎mm prism (max aggregate size < 
25mm) 
(BS EN 12390-
5:2009) 
Beam, the length shall be at least 50mm greater than 
three times the depth. The ratio of width to depth 
shall not exceed 1.5. 𝟏𝟓𝟐 × 𝟏𝟓𝟐 × 𝟓𝟎𝟖mm  
ASTM C78 / C78M - 
10 
Tensile 
splitting 
strength 
Same size or less commonly of type used in 
compressive strength 
BS EN 12390-
6:2009 
ASTM C496 / 
C496M - 11 
Density 
The sample should be a regular shape to make the 
calculation of the volume more accurate. (calculation 
or water displacement method) 
BS EN 12390-
7:2009 
The sample shall consist of several individual 
portions of concrete which may be pieces of 
cylinders, cores or beams of any desired shape or 
size, but the volume ≥ 350cm3, and equals to around 
800g 
ASTM C642 - 06 
Elastic 
Modulus 
For cylinder, the length to diameter ratio 𝟐 ≤ 𝒍/𝒅 ≤ 𝟓; 
or for square cross-section, d is the width of one face 
of the specimen. (preferably be cylinder with 150mm 
diameter and 300mm height)  
BS 1881-121: 1983 
Moulded cylindrical specimens in accordance with 
the requirements for compression test specimens  
ASTM C469 / 
C469M - 10 
Dynamic 
modulus 
of elasticity 
𝟏𝟓𝟎𝒎𝒎 × 𝟏𝟓𝟎𝒎𝒎 × 𝟕𝟓𝟎mm BS 1881-209:1990 
𝟏𝟎𝟎𝒎𝒎 × 𝟏𝟎𝟎𝒎𝒎 × 𝟒𝟎𝟎mm 
ASTM C215 - 08 or 
ASTM E1876 - 09 
or ASTM E1875 - 
08 
Flexural 
modulus 
Calculation from flexural strength test  
BS EN 12390-
5:2009 ASTM C78 / 
C78M - 10 
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When the material not including the coarse aggregate or bigger size aggregate 
but only the fine aggregate, so strictly speaking, this type of material is not 
concrete. It is cementitious material based mortar. The test methods of mortar 
are also listed here in Table 12:  
Table 12: Test methods for the properties of Mortar 
Properties 
measured 
Sample type Standard 
Compressive 
strength 
Half the 𝟏𝟔𝟎𝒎𝒎 × 𝟒𝟎𝒎𝒎 × 𝟒𝟎𝒎𝒎 prism 
BS EN 1015-
11:1999 
𝟒𝟎𝒎𝒎 Cube BS 6319-2:1983 
Flexural strength 
𝟏𝟔𝟎𝒎𝒎 × 𝟒𝟎𝒎𝒎 × 𝟒𝟎𝒎𝒎 prism 
BS EN 1015-
11:1999; ASTM 
C348 - 08 
𝟐𝟓𝒎𝒎 × 𝟐𝟓𝒎𝒎 × 𝟑𝟐𝟎𝒎𝒎 rectangular prism BS 6319-3:1990 
Tensile splitting 
strength 
Dumb-bell briquette shape (dimensions are referred 
to standard ) 
BS 6319-7:1985 
Density 
𝟏𝟔𝟎𝒎𝒎 × 𝟒𝟎𝒎𝒎 × 𝟒𝟎𝒎𝒎 prism 
BS EN 1015-
10:1999 
The sample should be a regular shape to make the 
calculation of the volume more accurate. (calculation 
or water displacement method) 
BS 6319-5:1984 
Elastic Modulus 𝟒𝟎𝒎𝒎 × 𝟒𝟎𝒎𝒎 × 𝟏𝟔𝟎𝒎𝒎 rectangular prism BS 6319-6:1984 
Flexural 
modulus 
𝟐𝟓𝒎𝒎 × 𝟐𝟓𝒎𝒎 × 𝟑𝟐𝟎𝒎𝒎 rectangular prism BS 6319-3 1990 
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2.4 Acoustic properties of concrete 
The study on the acoustic properties of numerous types of concrete is 
conventionally used to facilitate the selection of quality material that will ensure 
good acoustics for different spaces and also works as building components, 
such as wall, ceiling or partition etc.. Noise problem has been concerned as an 
increasingly significant issue nowadays in the field of building acoustics, which 
has led to a lot of developments on the sound absorbing material as a sound 
barrier. However for larger spaces such as those found in theatres, cathedrals 
etc., material with a larger amount of sound reflection and less absorption might 
be used to deliberately create longer reverberation time and louder sound 
(Cavanaugh et al., 2010). These two problems are shown graphically in Figure 
12, which gives an example of what happens when sound wave interact with a 
room’s surface. This knowledge is also consistent with the basic acoustics 
knowledge mentioned in 2.2.1.1. when sound wave meets solid. 
 
Figure 12 The interaction of a sound wave with a partition (Rossing, 2007) 
 
Regarding to the phenomenon shown in Figure 12, acoustical test methods for 
various building materials, including concrete floors, walls, and doors etc., 
mainly fall into two categories: sound absorption and sound transmission. They 
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can be sourced from  ASTM C423 - 09a, ASTM E90 - 09, ASTM E492 - 09 and 
ASTM E1414 / E1414M - 11ae1 or from UK standards BS EN ISO 140-3:1995, 
BS 2750-3:1995, BS EN ISO 10140-2:2010, and BS EN ISO 354:2003.  
In this section, the acoustic properties of concrete used in making noise barrier 
and their related constituent materials which have influence on the acoustic 
properties will be reviewed. The review of material used as sound barrier can be 
used as the rationale for choosing the constituents in current research.  The 
properties of these constituent materials or certain type of concrete have the 
opposite characteristics compared with the properties that resonance board 
material should have. They can be avoided for the current research.  
 
2.4.1 Sound absorption in concrete 
In this section, acoustic absorbing behaviour of material as a sound barrier will 
be reviewed. They are typically defined by its sound absorption coefficient, 
sound reflection coefficient, acoustic impedance. 
 Sound absorption coefficient ( 𝛼 ), which “is the ratio of the 
unreflected/absorbed sound intensity at the surface to the incident sound 
intensity” (Hassan, 2009; Tiwari et al., 2004).  
Each material with which sound wave interacts absorbs some sound energy 
and converts it into heat energy. It is used for reducing sound energy within a 
room but not between rooms. If there is no energy absorbed by certain material, 
which means this material’s absorption coefficient is 0. In other words, a 
material with an absorption coefficient of 0 reflects all the incident sound energy 
upon it. But in practice, all the materials absorb some sound. Therefore, 
absorption coefficient ranges between 0 and 1. American Society for Testing 
and Materials (ASTM) defined another term “noise reduction coefficient” (NRC) 
in standard C423 as the average single number of a material’s absorption 
coefficients at 250, 500, 1000 and 2000 Hz, rounded to the closest 0.05. It is 
normally calculated from the knowledge of standing wave ratio (𝑛) measured 
from impedance tube method (ASTM C384 - 04, 2016; Philippidis and Aggelis, 
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2005; Tiwari et al., 2004). The interference of an incident wave and the reflected 
wave from the specimen creates a standing wave in the impedance tube as 
shown in Figure 13. By using this apparatus, the standing wave ratio can be 
measured as 
 
𝑛 =
𝑃𝑚𝑎𝑥(𝑦)
𝑃𝑚𝑖𝑛(𝑦)
 (19) 
Where 
𝑛 -- is the standing wave ratio as a function of distance y, dimensionless; 
𝑃𝑚𝑎𝑥(𝑦) -- is the maximum sound pressures measured from impedance tube, 
voltage measured at certain frequency, volts;  
𝑃𝑚𝑖𝑛(𝑦) – is the minimum sound pressures measured from impedance tube, 
voltage measured at certain frequency, volts; 
𝑦1 and 𝑦2 – are the distances of first and second minima from the specimen as 
shown in Figure 13, m; 
𝜆 – is the wave length shown in Figure 13, m. 
The absorption coefficient can be calculated from the knowledge of standing 
wave ratio using the following relationship, detailed procedure can be referred 
to standard ASTM C384-4 (2016): 
 
𝛼 = 1 −
(𝑛 − 1)2
(𝑛 + 1)2
 (20) 
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Figure 13 Cross-section of impedance tube showing variation of pressure as a function 
of distance from the specimen 
 
 Sound reflection coefficient (𝑅𝑟) which “is a ratio of the amount of total 
reflected sound intensity to the total incident sound intensity” (ASTM 
C384 - 04, 2016; Rossing, 2007; Tiwari et al., 2004). 
Sound reflection coefficient can also be calculated from the knowledge of 
standing wave ratio by the impedance tube method and also be used to 
determine the absorption coefficient by the following relationships (ASTM C384 
- 04, 2016):  
 
𝑅𝑟 =
𝑛 − 1
𝑛 + 1
 (21) 
 𝛼 = 1 − 𝑅𝑟
2 (22) 
Where 
𝑅𝑟 – is the reflection coefficient, and due to the impedance tube method, it is 
also called pressure reflection coefficient, dimensionless; 
𝑛 – is the standing wave ratio as in Eq.(19); 
 𝛼 – is the absorption coefficient, dimensionless. Acoustic impedance (𝑍𝑛) 
which “is defined as ratio of sound pressure acting on the surface of the 
specimen to the associated particle velocity normal to the surface” 
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(Tiwari et al., 2004) and is also the same property as shown in Section 
2.2.3.3.  
Below shown in Table 13 are the absorption coefficient and NRC value for 
some common materials. It can be observed that absorption coefficients vary 
with frequency. The NRC of plywood shows an intermediate value between 
smooth concrete and coarse concrete. This means concrete has the potential to 
have the same absorptive properties as plywood when the sound waves 
interact with them.  Also it can be found that smooth concrete has lower 
absorption ability than the coarse concrete. It can reflect more sound waves to 
the air and create longer reverberation time.  Basically, these material exhibits 
lower absorption ability at higher frequency up to 4000 Hz compared with lower 
125 Hz. 
Table 13 Absorption coefficients and NRC values for common materials (Rossing, 
2007) 
 
From Table 14, some other acoustic properties of common materials can be 
referenced and compared. 
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Table 14 Acoustic properties of common material  
Material 
Acoustic 
impedance (Rayl) 
Reflection 
Coefficient 
Transmission 
Coefficient 
Air 413.5 0 1 
Water 1.48×106 0.99944 0.00055 
Wood (pine) 1.57×106 0.99947 0.00052 
Fiberglass 2.86×106 0.99971 0.00028 
Concrete 8.00×106 0.99989 0.00010 
Glass 12.5×106 0.99993 0.00006 
Sand 19.7×106 0.99995 0.00004 
Steel 46.0×106 0.99998 0.00001 
 
In recent years, extensive research has been performed through using various 
types of material as sound barriers. Among these researches, nearly all of them 
are concerning absorption coefficient. Neithalath et al. (2004) found out that an 
increase in fibre volume can increase the absorption coefficient for three fibre 
types. Tiwari et al. (2004) performed experimental study to determine the effect 
on the acoustic properties of cement matrix and asphalt concrete by adding 
cenospheres. Through adjusting the volume of cenosphere, the optimum 
amount of cenospheres required to maximize the sound absorption can be 
identified. Also rich cement shows its better absorption ability with an increase 
of cenosphere than asphalt concrete. However no significant change in sound 
absorption characteristics of cement concrete was observed with change in 
specimen thickness. Tiwari et al also mentioned that these properties varied 
with frequency and were dependant with material density and pore size.   
In Kim and Lee’s research (2010), they investigated the influence of cement 
flow and aggregate type and size on the absorption coefficient of porous 
concrete by suing AE (Air Entraining) admixture. Their results reflect that the 
thickness of the sample, the cement flow and addition of AE admixture do not 
drastically affect the acoustic absorption of porous concrete within the range of 
60-140% of cement flow. Moreover, the size and type of aggregates is also 
shown to have slight effects on the acoustic absorption within the range of 4-
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19mm as without dramatically changes in pore size. They concluded that this 
result did not follow the findings by Neithalath that porous concrete with smaller 
pore size would show a higher absorption coefficient from simulation data 
(Neithalath, 2004). However, despite all the above changes do not affect much 
to the absorption coefficient, because of their original very high void ratios, most 
specimens show a maximum absorption coefficient of around 0.90 – 1.00 as the 
porous concrete, which is defined as “it is manufactured by either removing or 
reducing the fine aggregates and lowing binder contents in order to develop 
opened voids (or interconnecting pores) in the matrix” (Brown, 2003).       
From the review above, it can be concluded that Air Entraining or making 
porous concrete should be avoided for musical instrument manufacture as it 
creates large voids which can increase the sound absorption. The parameters 
of frequency, density and pore size of the material are dependant to the sound 
absorption in concrete.   
 
2.4.2 Sound transmission in concrete 
In this section, another type of sound energy dissipation mechanism will be 
discussed. This energy loss is due to flexural vibrations in the specimen. The 
parameters used to describe it are sound transmission loss and sound 
transmission coefficient.   
 Sound transmission loss 𝑇𝐿 (dimensionless) is a measure of degree to 
which a material can block or reduce transmission of sound from one 
space to another in certain frequency band. It is defined and 
mathematically expressed as Eq.(23) in ASTM C634 (2013).  
 
𝑇𝐿 = 10 log
𝑃𝑖
𝑃𝑡
 (23) 
Where 
𝑃𝑖 -- is the sound power incident on the wall; 
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𝑃𝑡 – is the sound power transmitted into the receiving room.  
It is used to describe when sound energy is reduced between two rooms with a 
partition. One room is with sound source, and the other room isolated by the 
partition is a sound wave receiving room. The values of 𝑇𝐿 are measured by the 
sound pressure level difference and expressed in deciBel (dB). It can be 
determined and measured in accordance with ASTM E90. In standard ASTM 
E413 - 04, the sound transmission class 𝑆𝑇𝐶 is defined as a single numerical 
value of a barrier’s transmission loss performance.  
 Sound transmission coefficient 𝜏  (dimensionless), it can be 
mathematically expressed as Eq. (24) in ASTM C634 (2013) and the 
value for the common material are referred to Table 14:  
 
𝜏 =
𝑃𝑡  
𝑃𝑖
 (24) 
Where 
𝑃𝑖  , 𝑃𝑡   – are the same as shown in Eq.(23).  
Hence the sound transmission loss 𝑇𝐿 (dB) can also be expressed as  
 𝑇𝐿 = 10 log
𝑃𝑖
𝑃𝑡
= 10 log
1
𝜏
= −10 log 𝜏  (25) 
Another name for the same term is the sound reduction index.  
While 𝑇𝐿 can also be determined from another expression related to the area, 
density and speed of sound of the partition wall shown in Eq.(2624) (Silva, 
2005).  
 
𝑇𝐿 = 10 log
𝑝1
2𝑆
𝑝2
2𝐴2
= 𝐿1 − 𝐿2 + 10 log
𝑆
𝐴2
 (26) 
Where 
 
𝑝1
2 =
4𝑃𝑖
𝑆
𝜌𝑐 (27) 
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𝑝2
2 =
4𝑃𝑡
𝐴2
𝜌𝑐 (28) 
𝐿1 – is the average sound pressure level in the source room, dB; 
𝐿2 – is the average sound pressure level in the receiving room, dB; 
𝑆 – is the area of the partition wall, m2; 
𝑃𝑖and 𝑃𝑡 – are the same as in Eq.(23); 
𝑝1 – is the average sound pressure from the sound source; 
𝑝2 – is average sound pressure from sound power 𝑃𝑡 radiated into the receiving 
room; 
𝐴2 – denotes the absorption area in the receiving room, m
2. 
Sound transmission loss is not only a property of a material, but is also strongly 
dependent on boundary conditions inherent in the method and details of the 
way the material is mounted. In the review of “sound transmission loss” related 
researches, it seems that very few researches focusing on the mixing design 
and its related properties have been developed. Kim et al. (2012) examined the 
acoustic transmission loss of normal and lightweight concrete specimens 
measured by the impedance tube method according to ASTM E2611 - 09 
specifications. Authors investigated that the acoustic transmission loss of 
normal concrete was nearly consistent relative to that of lightweight aggregate 
cellular concrete with and without AE agent. In their paper, they agreed with 
previous research that the sound transmission loss is affected by the input 
frequency range and the mass of the material (F. Fahy and Gardonio, 2007). 
But they also pointed out that a reduction of mass can result in a decrease of 
the acoustic transmission loss. However, if the mass per unit area is high 
enough, the affected decrease of the sound transmission loss can be ignored. 
Moreover, they also found out that the deduction of sound transmission loss can 
be caused by the resonance frequency of the material specimen.   
Pastor et al. (2014) investigated the possibility of using glass fibre reinforced 
concrete (GRC) containing recycled tyres as a sound barrier. Their results have 
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revealed that mortar show higher transmission loss than all of the GRC 
materials with two different levels of tyres. This dissimilarity is due to the lower 
density of GRC (1700-2100 kg/m3) with respect to conventional concrete (2400-
2500 kg/m3). However, the different GRC materials don’t show big differences 
on the characteristic of transmission loss.  
Similar as the conclusion from the sound absorption in concrete, the parameters 
which affect the sound transmission loss are the resonant frequency, density of 
the material specimen.    
 
2.4.3 Damping characteristics of concrete 
Except the above two categories, there are also properties related to dissipate 
structure-borne vibrations. They are the vibration damping characteristics of the 
material, internal damping or material damping which defines the mechanical 
energy dissipation properties of the material, generally by converting it into 
thermal energy (Rao, 2010; Giner et al., 2012). Traditionally vibration has been 
denoted as an undesirable behaviour for the structure, due to the need of noise 
reduction, structural stability and durability of the structure, such as a bridge or 
buildings suffering from earthquake. Many researches have been focused on 
the vibration reduction (Nabavi, 2010). In this research, an opposite application 
is under investigation, which is vibration enhancement. For example, make a 
musical instrument with new composite concrete as part of architecture, a 
sculpture with musical sound effect, or the improved acoustics of a concert.  
In order to describe the damping ability of a concrete structure or material, the 
more often used parameter is damping ratio ζ (V.T. Giner et al., 2011; Giner et 
al., 2012; Zheng et al., 2008). 
Damping ratio is usually denoted by 𝜁  and is dimensionless. It provides a 
mathematical means of expressing the level of damping in a system relative to 
critical damping which provides the fastest dissipation of energy (Rao, 2010).  
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 𝜁 =
𝑐
𝑐𝑐𝑟𝑖𝑡
 (29) 
 𝑐𝑐𝑟𝑖𝑡 = 2√𝑘𝑚 = 2𝑚𝜔𝑛 (30) 
 
 
 
𝜔𝑛 = √
𝑘
𝑚
  
 
(31) 
Where 
𝑐  -- is damping coefficient, the actual damping, N ∙ s/m; 
𝑐𝑐𝑟𝑖𝑡 -- is the critical damping, N ∙ s/m; 
𝑘 -- is the stiffness, N/m; 
𝑚 -- is the mass, kg; 
𝜔𝑛 -- is the undamped natural frequency, Hz; 
The value of the damping ratio 𝜁 determines the the behaviour of the system, 
e.g., a harmonic oscillator, shown in Figure 14: 
When  
Overdamped (𝜁 > 1), the system returns to steady state without oscillating; 
Critically damped (𝜁 = 1 ), is the least amount of damping that returns the 
system back to steady state without oscillating; 
Underdamped ( 𝜁 < 1 ), the system oscillates with the amplitude gradually 
returning to steady state; 
Undamped (𝜁 = 0), the system oscillates under its natural frequency without 
decreasing its amplitude and returning to steady state. 
It can be seen that the frequency of damped vibration, 𝜔𝑑, is always less than 
the undamped natural frequency 𝜔𝑛. The decrease in the frequency of damped 
vibration is with increasing amount of damping, also shown in Figure 14. 
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Figure 14 Comparison of motions with different types of damping (Rao, 2010) 
 
In concrete research field, the damping properties mentioned in the review 
section of acoustic properties of wood are also used: loss tangent 𝑡𝑎𝑛𝛿, loss 
factor 𝜂, quality factor 𝑄. The relationship between these three parameters have 
been discussed in Eq.(8) of Section 2.2.3.3.  
The relationship between damping ratio and them can be referred to Eq.(32) 
and Eq.(33) shown below..  
According to the bandwidth method (see Section 4.10.3),  𝑄 is related to the 
damping ratio by the Eq.(32) (Silva, 2006): 
 
𝜁 =
1
2𝑄
 (32) 
Where 
𝑄 – Quality factor, see Section 2.2.3.3, Eq.(8) and Section 4.10.3, Eq.(64). 
When damping ratio is a low damping, 𝜁 < 1, the loss factor is approximately 
given by Eq.(33) (Silva, 2006):   
 𝜂 = 2𝜁 (33) 
Where 
𝜂 – Loss factor, see Section 2.2.3.3, Eq.(8). 
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Table 15 Loss factors of some useful materials (Silva, 2006) 
 
Except above mentioned damping properties, some other parameters also have 
been used, such as logarithmic decrement, loss angle etc.. This set of 
relationship between all these parameters is given in Eq. (34) (Barron, 2002; 
Rao, 2010). 
 
𝜂 =
𝜓
2𝜋
= 2𝜁 = 2
𝑐
𝑐𝑐𝑟𝑖𝑡
=
1
𝑄
=
𝛿𝑙
𝜋
=
𝛥
27.3𝑓𝑛
= 𝑡𝑎𝑛𝛿 = 𝑏 (34) 
Where  
η -- Loss factor, dimensionless;  
𝜓-- Specific damping capacity, dimensionless;  
ζ -- Fraction of critical damping or damping ratio, dimensionless;  
𝑐 -- Viscous damping coefficient, N ∙ s/m; 
𝑐𝑐𝑟 -- Critical damping coefficient, N ∙ s/m; 
𝑄 -- Amplification at resonance or quality factor, dimensionless;  
𝛿 -- Loss angle; 
𝛥 -- Decay rate, dB/s; 
𝛿𝑙 -- Logarithmic decrement, dimensionless; 
𝑡𝑎𝑛𝛿 -- Loss tangent; 
𝑏 -- Constant. 
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Due to the differences in testing method, parameters used and specimen 
configuration in the work of different researchers, quantitative comparison of the 
all different damping parameters of different concrete material is difficult. In 
Table 16, it provides a simple comparison among some representative 
materials. They are all tested by using the same method and equipment (Fu et 
al., 1998; Hudnut and Chung, 1995; Wang and Chung, 1998).  
Table 16 Dynamic flexural behaviour of materials at 0.2 Hz 
Material tan 𝛿 References 
Cement paste (plain) 0.016 (Fu et al., 1998) 
Mortar (plain) < 10−4 (Wang and Chung, 1998) 
Mortar with Silica fume 
(treated) (15% by wt. of 
cement) 
0.021 (Wang and Chung, 1998) 
Carbon-fiber epoxy-matrix 
composite (without 
interlayer) 
0.008 (Hudnut and Chung, 1995) 
Carbon fiber epoxy-matrix 
composite (with vibration 
damping interlayer) 
0.017 (Hudnut and Chung, 1995) 
 
In the following paragraphs, the constituents of concrete which have effect on 
different types of damping parameters are reviewed. These constituents 
material can be avoided using in this research investigation.  
Same as making energy absorption concrete material, the addition of fibres to 
the concrete mix modifies its microstructure by introducing new friction surfaces, 
thereby it could improve the passive material damping of concrete structure. 
This has been reflected by a lot of previous researches. Different types of fibres 
have been tried and tested to enhance the damping capacity of the material 
(Giner et al., 2012; Neithalath et al., 2004; Zheng et al., 2008). Besides, 
polymers can also provide damping capacity (Fu and Chung, 2001; Hua et al., 
2013). In Hua et al.’s paper (2013), polymer cement mortar shows higher loss 
factor than the cement mortar.  
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Furthermore, Giner et al. (2011) studied the influence of Silica fume (SF) 
additions in quantities ranging from 0% to 15% of cement mass on the dynamic 
properties of concrete, including resonant frequency, dynamic modulus of 
elasticity and damping ratio etc.. The results proved that SF additions or 
replacements reduce both the dynamic modulus of elasticity and damping ratio 
of concrete. However there is a contradictory finding investigated from Fu et 
al.’s (Fu et al., 1998). In Fu et al.’s work, the authors pointed out that Silica fume 
(whether received or acid treated, 15% replaced by weight of cement) exhibited 
very effective enhancing of the storage modulus, thereafter enhancing the loss 
tangent. Hence the results need verifying.  
In Neithalath’s paper (2004), not only their results pointed out the increase of 
fiber content increasing the specific damping capacity, but also an increase in 
moisture content of the specimen increases the damping capacity.  
From the above review, it can be concluded that adding more moisture content 
and fibres, polymers etc. additives can increase the damping capacity of the 
material. Hence the introduction of fibres was avoided in the current research, 
while water content was assigned as the parameter to adjust as it is an 
essential content in the concrete mixture. Superplasticizer can be employed as 
another constituent tested in the concrete mixture due to its ability to reduce the 
water content to satisfy the same workability of the mix.    
 
2.5 Conclusions from literature review 
After reviewing the previous research on acoustic properties of wood sound 
board and exist acoustic properties of concrete, the following conclusion can be 
drawn:  
1) The basic knowledge of acoustics of musical instrument has been 
explained clearly how sound wave is generated and interacted with the 
material; 
2) Research on the acoustic properties of wood hasn’t been fully 
completed. There are no national standards which musical instrument 
maker could follow upon. Basically, despite much scientific effort to 
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understand the properties of materials for instrument manufacture, 
musical instrument makers still rely mainly on their training and 
experience. However, the acoustic properties of wood can to some 
extent be determined by the mechanical and physical properties of the 
wood determined by previous research results;  
3) The significant acoustic properties of wood relevant to the current 
research project are: the speed of sound, the characteristic impedance, 
the sound radiation coefficient, and the loss coefficient. It has been 
explained why spruce is the preferred choice for sound boards, why 
tropical species are favoured for xylophone bars and woodwind 
instruments, why pernambuco is the most favourite material for making 
bows, and why hornbeam and birch are used to make piano actions; 
4) This research builds upon previous research on conventional musical 
instrumental material. Plenty of researches which focus on the 
soundboard material of Chordophone musical instrument are developed 
and much more than other instrumental material’s researches;   
5) It has been concluded that the vibration properties of the wood have 
significant influence on the acoustic properties of the wood and the 
sound quality of the musical instrument. The following methods have 
been used, such as resonance vibration method, FFT analysis, 
Ultrasonic pulse velocity test and modal analysis; 
6) Through the adjustment of different constituents of concrete, 
cementitious material, water, aggregate type and size, admixture/additive 
and fibres etc., the physical and mechanical properties of cementitious 
material can be adjusted. They all can be tested whether they have 
influence on the acoustic properties and how;  
7) There are no obvious reasons why the test methods for measuring the 
acoustic properties of wood could not also be performed on cementitious 
materials. Cement-based materials can be manufactured in various sizes 
and shapes and could accommodate the sample size used for other 
studies on wood. As for testing the strength of the cementitious material, 
the corresponding strength test is also required depending upon the 
specific musical instrument, e.g. bending stiffness for the production of 
bows, and flexural strength for soundboards; 
8) The existing acoustic properties of concrete are mainly related to the 
sound absorption and sound transmission. These related parameters 
are: absorption coefficient, noise reduction coefficient, reflection 
coefficient, acoustic impedance, sound transmission loss and sound 
transmission coefficient;   
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9) Some basic parameters are concerned on determining or calculating the 
above mentioned existing acoustic properties. They are resonant 
frequency, speed of sound, material density;  
10) Concrete exhibits its potential to have the same absorption coefficient 
value as wood (Plywood);   
11) Q factor can be used to describe damping characteristics of the material 
rather than a structure property, which is related to the direction of this 
research;  
12) Fibre and polymer can be avoided in this research as they can increase 
the damping capacity of the material; 
13) Some new modelling software can also be implemented to help to 
compare the vibration properties of the different material, such as FEM 
(ANSYS) together with the Accelerometer and the transducer hammer. 
Then the modal shapes, frequencies and damping can be modelled and 
calculated.  
In the methodology, experiment scenarios will be built upon the above 
conclusions. Due to a fact that too many properties have been concluded from 
the above conclusion, while it is impossible to cover all of these properties 
tested in one project, selection of tested properties and constituents will be 
made.   
However, the fact that whether it is a good musical instrument is mainly 
determined by how much it pleases the player and listener. Of course some 
industries nowadays consider this to be an important consideration too.  Maybe 
it would be difficult to use new material in the old times, while nowadays it is a 
world for respecting and promoting science and encouraging innovation, so as 
in the musical public. Every musician and instrumentalist are chasing for their 
own style. Different or a highly original work could make them come to the 
force. It gets along the tide of the times.  
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Chapter 3  OPTIMIZED PROPERTIES 
OF CONCRETE 
 
 
3.1 Introduction 
Initially in the construction area, concrete is normally designed for a given 
compressive strength by methods based more or less on consecutive trials, 
from which the best composition was selected. Nowadays, regarding designing 
normal concrete mixes, mainly for  structural concrete, the most popular design 
methods include The American design method and The British design method”  
mentioned in Neville and Brooks’(2010). In addition, extensive alternative 
designing methods exist for special applications – e.g. cellular or gas concrete, 
lightweight concrete, high-density concrete, polymer concrete, high 
performance concrete etc. – and are referred in various specialized 
publications, eg. (Scheffler and Colombo, 2005), (Chandra and Berntsson, 
2002), (Newman and Choo, 2003), (Kuhlmann, 1993) and  (Aïtcin, 2011; Malier, 
1992; Nawy, 2001). When more constituents are added into concrete with about 
4 to 10 different components, the number of properties that can be adjusted 
also increase, so that empirical methods are no longer sufficient in concrete mix 
design. Since 1972 new technologies and computational possibilities have been 
introduced (Brandt, 1998). To formulate a material model to relate the decision 
variables to the properties of those materials under certain criteria, is known as 
the optimization of concrete mixture proportions.  
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Optimization as a generalization theory and techniques have been applied in 
various fields of technical, economical and other activities. It is the approach of 
selecting the best value of some objective functions given a defined domain (or 
a set of constraints). In the simplest case, optimization is used to maximizing or 
minimizing a real function by systematically choosing input values within an 
allowed set and computing the value of the function (Brandt, 1998; Pázman, 
1986).     
In this chapter, a review of concrete mix design methods, including both 
traditional and computational methods, is presented. Parts of these methods 
have been implemented in this research to optimize the mixture of concrete or 
cementitious material in order to obtain the desired acoustic properties.   
 
3.2 Concrete mix design methods 
3.2.1 Traditional mix design methods 
Concrete is usually designed to satisfy certain strength requirements, durability, 
and a required consistency etc for efficient construction and structural 
application. The most common used methods  the “ American design method” 
and the “British design method” (Neville, 2011; Neville and Brooks, 2010).  
 American design method 
The American design method is mentioned in the ACI standard Practice ACI 
211.1-91 (R2009) describing a method of selection of mix proportions of Normal, 
Heavyweight and Mass concrete. In a sequence of logical and straightforward 
steps are given, including the adjustment on the first trial mix proportions. It 
starts with the choice of the slump (consistency) and choice of maximum size of 
aggregate by the recommendation slumps for various types of construction, 
such as max. slump (mm) is 150, and min. is 75 for the building columns, and 
the requirement of the structural design concerning the geometric size and 
spacing of reinforcement or for the reasons of availability (Neville, 2011); Then 
the water content and air content can be approximately decided based on the 
slumps and the maximum sizes of aggregated; The following factor is 
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water/cement ratio. This is based on two criteria: strength and durability (ACI 
318-11). Hence water/cement ratio (or water/cementitious ratio when different 
cementitious materials are included) is chosen from the lower value concluded 
from the strength and durability requirements specified by appropriate design 
code; after water/cement ratio (water/cementitious ratio) has been decided, the 
cement content can be directly calculated. However durability is still part of the 
consideration. The larger value deducted from these two requirements is 
applied. Then the bulk volume of coarse aggregate to the total volume of 
concrete can be decided according to the maximum size of aggregate and the 
grading of fine aggregate (fineness modulus). At this stage, the only unknown 
quantity of the constituent is the mass of the fine aggregate. This can be 
calculated by the absolute volume method which will be explained below. In the 
end, adjustment to the mix proportions can be made based on the trial mixes.  
General information is only provided from the above mentioned steps. All the 
detailed procedures can be referred to ACI 211.1-91 (R2009), but the important 
part of Absolute Volume method will be explained here.  
Absolute Volume method is described as a calculation to calculate the volume 
of the water content, cement content and aggregate content in a fully 
compacted concrete. It assumes that the volume of compacted concrete is 
equal to the sum of the absolute volumes of all ingredients (Neville, 2011). The 
quantities of all the ingredients are also assumed rightly producing 1 cubic 
metre of concrete. Then the following equation can be built: 
 𝑚𝑤
1000
+
𝑚𝑐
1000𝜌𝑐
+
𝐴𝑓
1000𝜌𝑓
+
𝐴𝑐
1000𝜌𝑐𝑜
= 1 (35) 
Where 
𝑚𝑤– The required quantities by mass of water; 
𝑚𝑐 – The required quantities by mass of cement; 
𝐴𝑓 – The required quantities by mass of fine aggregate; 
𝐴𝑐 – The required quantities by mass of coarse aggregate; 
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𝜌𝑐– The specific gravity of cement; 
𝜌𝑓 – The specific gravity of fine aggregate; 
𝜌𝑐𝑜—The specific gravity of coarse aggregate. 
The mix proportioning also give the value of 𝑚𝑤 /𝑚𝑐 , 𝑚𝑐 /(𝐴𝑓 +𝐴𝑐 ) and 𝐴𝑓 / 𝐴𝑐 
together with Eq. (35), the values of w, c, 𝐴𝑓 and 𝐴𝑐 can be calculated. For the 
mix of mortar, same method can still be used, instead of 𝐴𝑓 and 𝐴𝑐, it will be just 
fine aggregate sand. 𝑚𝑤 , 𝑚𝑐  and 𝐴𝑓  can be still calculated with the updated 
Eq.(36) without the term concerning the coarse aggregate, 𝑚𝑤/𝑚𝑐 and 𝑚𝑐 /𝐴𝑓 
value known.     
 British design method 
Similar to the ACI approach, the most commonly used British method in the UK 
is the BRE mix design method (BRE, 1997). This method is mainly dealing with 
the design of normal weight concrete or incorporating GGBS or Fly ash. It also 
gives 5 steps. This will be described in detail here.  
Step 1, the target mean strength is calculated based on the Characteristic 
strength and Standard Deviation. This relationship can be found from Figure 15. 
Then a value of compressive strength is obtained at a water/cement ratio of 0.5 
according to different cements and types of aggregate from Table 17. This 
strength value can be plotted on Figure 16 and a curve line can be drawn from 
this point parallel to the neighbouring printed curves until it intercepts a 
horizontal line passing through the ordinate representing the target mean 
strength (the starting line is where to find the point, when w/c is 0.5, 
compressive strength is the value obtained from Table 17). The corresponding 
value of the free water/cement ratio can be read from the abscissa. 
                                                                                             
85 
 
Optimized properties of concrete   
 
Figure 15 Normal Distribution curve on test specimens for determining compressive 
strength (BRE, 1997) 
 
Table 17 Approximate compressive strength (N/mm2) of concrete mixes made with a 
free-water/cement ratio of 0.5 (BRE, 1997) 
Cement 
strength 
class 
Type of 
coarse 
aggregate 
Compressive strength (N/mm2) 
Age (days) 
3 7 28 91 
42.5 
Uncrushed 22 30 42 49 
Crushed 27 36 49 56 
52.5 
Uncrushed 29 37 48 54 
Crushed 34 43 55 61 
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Figure 16 Relationship between compressive strength and free water/cement ratio 
(BRE, 1997) 
 
Step 2, the water content required depending on the type and maximum size of 
aggregate for the required workability, expressed either as slump or as Vebe 
time can be obtained in Table 18.  
Step 3, the cement content can be simply calculated by the free water content 
divided by the water/cement ratio.   
Step 4, in order to determine the total aggregate content, the wet density of fully 
compacted concrete needs to be estimated from Figure 17 by the appropriate 
water content and specific gravity of the aggregate.  Then the total aggregate 
content can be determined by subtracting from the wet density of the concrete 
the value of the cement content and the water content.  
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Table 18 Approximate free-water contents (kg/m3) required to give various levels of 
workability (BRE, 1997) 
Slump (mm)  0-10 10-30 30-60 60-180 
Vebe time(s)  >12 6-12 3-6 0-3 
Maximum size of 
aggregate (mm) 
Type of aggregate     
10 
Uncrushed 150 180 205 225 
Crushed 180 205 230 250 
20 
Uncrushed 135 160 180 195 
Crushed 170 190 210 225 
40 
Uncrushed 115 140 160 175 
Crushed 155 175 190 205 
 
 
Figure 17 Estimated wet density of fully compacted concrete (BRE, 1997) 
 
Step 5, the proportion of fine aggregate in the total aggregate can be 
determined using the recommended values of Figure 18. It is chosen depending 
on the maximum size of aggregate, the level of workability, the water/cement 
ratio and the percentage of fine aggregate passing through the 600μm sieve. 
Then the fine aggregate content can be calculated by multiplying the total 
aggregate content with the percentage of fine aggregate.    
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Figure 18 Recommended proportions of fine aggregate according to percentage 
passing a 600μm sieve (BRE, 1997) 
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Step 6, the coarse aggregate content is then calculated by subtracting the total 
aggregate content with the content of fine aggregate.  
Following the above calculations, trial mixes must be made.   
 Other  mix design methods 
Except the above two widely used mix designs, there are also some other mix 
design methods based on the principles of minimum voids or maximum density. 
These are Minimum Voids Method (Chalisgaonkar, 2003; Pofale and Deo, 
2010), Fuller’s Maximum Density Method (Chalisgaonkar, 2003; Pofale and 
Deo, 2010),  Talbot-Richart Method (Chalisgaonkar, 2003) and Fineness 
Modulus Method (Swayze and Gruenwald, 1947) etc..  
 Discussion 
The design of concrete may be defined as a process of using suitable 
ingredients and determining their relative quantities with the aim of producing a 
mix either as economical as possible, consistency, specified strength or 
durability. From designing concrete by copying “the ready recipes in the early 
stage”, e.g. as a 1:2:4 volumetric ratio mix (Bryla, 1932), or the concept of the 
Fuller’s curve characterizing good aggregate and the water/cement ratio on the 
strength of concrete (Fuller’s maximum density method) (Bryla, 1932; Pofale 
and Deo, 2010), to the current analytical design methods: American and British 
methods, they all have a certain specified minimum or maximum property or as 
economical as possible in common – a most common requirement in 
engineering. Nevertheless it still shows the development of the designing 
methods of the concrete.  
These two well-known analytical methods have shown many advantages over 
previous methods. They concern more variable material factors and assign 
different values depending upon the required details of the structure of concrete. 
These variable factors include water/cement ratio, cement/aggregate ratio, 
consistency and grading of the aggregate. A suitable definition about their 
advantages is provided by Kopyciński (1976), “Bases for analytical calculation 
of the concrete mix composition is a system of equations in which physical 
properties of the fresh mix and of the hardened concrete, or the economic 
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conditions, are connected in mathematical formulae with the amounts of 
particular components, the empirical coefficients related to the type of the 
components being given in advance, so that no tests are required to determine 
them”.   
Nevertheless, the mathematical formulae/models mentioned above in fact were 
still developed according to the results of hundreds and thousands of 
experimental programmes. Traditionally, the one factor at a time method is a 
typical experiment methodology widely used in concrete experimental field. It is 
aimed to study the effects of various components by varying one component at 
a time and keeping all others unchanged. Response readings are then taken for 
different levels of this component. Likewise, for the others, this process is then 
repeated by varying other components in their different levels one by one until 
all the other components have been treated (Brandt, 1998). Based on the 
experimental programme, these two famous analytical mix design methods 
were built.  
However, these traditional design methods are mainly for designing normal 
concrete mixes with Portland cement, water, sand and natural or crushed 
coarse aggregate, or maybe one or two additions, and aim to satisfy a certain 
compressive strength, workability and durability. Regarding more modern 
concretes, Such as fibrous, polymer, or high-performance concrete, these two 
current methods have limitations. As their analytical formula and corresponding 
graphs are generated and based on previous large data bases of normal 
concrete mixes.      
In order to determine the mix composition of a new type of concrete, new 
algorithms need to be constructed again based upon large databases 
(experimental results).   
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3.2.2 Advanced mix design methods 
In the previous section, the general development of mix design has been 
reviewed. The idea of an analytical approach can also be expanded to the 
methods which will be discussed in this section.  
 Other analytical models/ numerical simulation 
As mentioned previously, with the development of the concrete technology 
more and more optimization criteria are given to the design of concrete, not just 
compressive strength, cost and normal concrete. Thus more and more 
experiments are required to build new analytical models to solve these 
problems. The analytical models were developed in various ways, which show 
its versatility. 
Compressive strength is still the most studied target. Topçu and Sarıdemir’s 
(2008) used waste rubberized aggregates as sand in mortar production which 
had two different sizes in the range of diameter 0-1 and 1-4 mm. Flexural and 
compressive strength were determined and modelled by artificial neural network 
and fuzzy logic models. The same target but for high-performance concrete 
(HPC) were also estimated by incorporating improved grammatical evolution 
(GE) into the genetic algorithm (GA), called GEGA (Chen and Wang, 2010). 
The relationship between compressive strength and other physical properties 
(ultrasound velocity and Schmidt rebound) were determined by investigating the 
concrete carrot specimens taken from the collapsed buildings in earthquakes. 
Genetic Algorithm (GA) and Linear Programming (LP) were applied into 
compressive strength models, which are established by physical properties, to 
maximize it depending on the specimen’s properties, ultrasound values, 
Schmidt hammer’s values and one-axis compressive strength (Ozgan and 
Ozturk, 2007). 
Except compressive strength, other properties, such as ultrasonic pulse velocity, 
cracks etc. were also formulated. Ozbay et al. (2008) introduced genetic 
programming (GP) as a new tool for the formulation of properties of self-
compacting concrete (SCC). Trtnik et al. (2009) used multilayer fee forward 
neural network modelling for the velocity-strength relationship.  
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Some most wildly used applicable mathematical models are discussed in 
Section 3.3.3.  
 Ready computer-based methods  
Various computer-based methods/programs concerning concrete mix design 
have been created (Day, 2006; Dewar, 2002; Larrard, 1999). 
However, these programmes were only referring to certain standards and only 
the simple analytical methods were implemented, such as “Concrete Mix 
Designer” which uses absolute volume method to determine proportions of 
ingredients of concrete since  20 year ago (Kaetzel and Clifton, 1995); 
“Concrete Mix Design Calculator” in accordance with ACI 211 provided by 
Concrete Quality company, which also just simply provide the  mix designs of 
normal concrete (Concrete-quality, nd). Similarly, there are also some softwares, 
such as “Firstmix”, “Seemix” etc., which can perform the same quick guide of 
mix design of normal concrete based on ACI standard etc.  
An example of British software is MixSim, which was firstly introduced by J. 
Dewar in 1993 (Dewar, 2002). Nowadays, this software has been updated 
which can combine as many as three cementitious components, three fine 
aggregates or fillers and three coarse aggregate together with three liquid 
admixtures. Although MixSim meets the requirements of Part 4 of the Quality 
Scheme for Ready Mixed Concrete Regulations, the author J.D. Dewar also 
gave the guidance on the use of MixSim for the design of concrete mixes when 
BS EN 206-1:2000 became the basis of concrete specification, production and 
conformity throughout Europe since 2003 (Dewar, 2002). The software 
conforms to the general British mix design approach covered by BS EN 206, but 
also including more possibilities. This illustrates that many analytical methods 
have been programmed in this software according to different standards. This 
again reflects the complexity, multiplicity and possibilities of problem the 
analytical methods can resolve.    
Except the software, there is another type of programme which nowadays might 
show its simplicity on the laboratory data processing compared with creating a 
software or programming. This is the spreadsheet programme, such as Excel, 
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Lotus, or Quattro Pro (Friedrichsen, 2007; Morley and Parker, 2014). Software 
is built from the knowledge of a suitable programming language, which can 
realize various algorithms of concrete mixing design. However, it still requires a 
substantial effort not only on mastering the language, but also on writing a 
program, debug it and compile it before it can finally be used. A long time is 
needed before this software can be used to do the mix design.  While for the 
spreadsheet programme, it can process the data to various degrees, draw 
diagrams, calculating statistics and performing the optimization operations etc. 
(Friedrichsen, 2007). Additionally, some spreadsheet programmes are readily 
available, such as Excel. Excel also contains procedures for finding roots of the 
algebraic equations and procedures for searching for an optimum, or other 
extremes, which is very suitable for creating analytical methods for mix design， 
and can search for the optimal mix design with different requirement (Winston, 
2014). Here follows some examples concerning the application of spreadsheets 
for calculations in the field of concrete technology  (e.g. Kasperkiewicz  
(Kasperkiewicz, 1995), Peyfuss (Peyfuss, 1990)).         
 Statistical approach of experimental design 
In concrete technology data processing, this might concern three fields: 
experiment results storage, their analysis, and rendering them into easily 
accessible databases and mix design calculation (Brandt, 1998). From the 
previous category (ready computer-based methods), it was mainly concerning 
the mix design calculation, only little similar analysis seems be contained in the 
software “Seemix” (Brandt, 1998). In this section, an even more advanced 
method is discussed. The related software can cover nearly all of above 
mentioned fields in the concrete mix design data processing, such as Design 
Expert, MODDE and Minitab. This method is “experimental design by using 
statistical approach (SED)”.  
SED is used to reduce the number of test mixes and specimens without 
sacrificing the accuracy of evaluating the effects and the interactions of 
variations of constituents (Barker, 2005). It can be used not only determine the 
mixture design, but also meet certain specified requirements to determine the 
optimum response by changing the different variables which affect the 
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production (F Bayramov, 2004; Lundstedt et al., 1998; Yeh, 2009). Robust 
statistical methods contain a lot of popular designs specified to different 
requirements, such as Factorial designs, response surface designs, mixture 
designs and Taguchi designs (Hill and Lewicki, 2006). In this research, as it is 
related to designing a composite (mortar/concrete), mixture design will only be 
discussed here.  
Mixture design is a special class of response surface experiments in which the 
mixture designates a blend made up of several components or ingredients. The 
factors in a mixture design are the ingredients or components of a mixture, and 
the response is a function of the proportion of each ingredient (Eriksson et al., 
2008). They also pointed that “the characteristic feature of the mixture design is 
that the sum of all its ingredients is 100%. This means these components are 
not completely independent to each other and their proportions must all lie 
somewhere between 0 and 1”. In contrast with factorial design, the response 
varies depending on the amount of each factor but the relative proportions of 
the components which add up to a common total value (if in weight or volume) 
in mixture design. 
The most common used approaches of mixture design are three designs: 
simplex lattice, simplex centroid, and extreme vertices. They are different fitting 
models. The biggest difference between the latter one and the first two models 
is that it is subject to additional constraints, such as maximum and/or minimum 
value for each component.   
Here follows some examples of research which have used mixture design 
method with different approaches for different types of concrete material. 
Extreme vertices design method was used by Ding et al. (1999) to “reduce the 
complexity of the mix proportioning of concrete with combined mineral 
admixtures”. “With only nine experiments designed by this method, the 
relationship between concrete strength and binder composition of Portland 
cement–zeolite–fly ash three components binder system was established 
through least square regression with error less than 6%”.   
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A study by Yeh (2006) adopted a flattened simplex-centroid mixture experiment 
design to determine the effect of fly ash replacements, from 0 to 50%, on early 
and late compressive strength, from 3 to 56 days, of low- and high-strength 
concrete, at water cementitious material ratios in the range of 0.3–0.7. Neural 
networks is the method used for optimization.  
More recently, Nunes et al. (2013) conducted a central composite design by 
using the software “Design Expert” to mathematically model the influence of 
mixture parameters and their coupled effects on deformability, viscosity, 
compressive strength, resistivity and resistance to carbonation. The derived 
models and a numerical optimization technique were used to select the best 
mixture, which maximizes durability and minimizes cost, while maintaining self-
compactability. The results for each response variable were analysed by using 
software Design Expert to fit a model using regression analysis and analysis of 
variance (ANOVA), validating the model by examining the residuals for trends 
and outliers and, finally, interpreting the model graphically.       
 
3.3 Optimization methods 
Optimization methods are used to select optimum solutions in various fields of 
technical, economical and other fields. In this section, the optimization methods 
applied in material design will be briefly reviewed.. The optimization method 
which is used in this research will be presented here.   
 
3.3.1 Optimization and mix design 
“The basic notions in formulating a multi-criteria optimization problem are: 
decision variables, constraints and optimization criteria, also known as objective 
function” (Brandt, 1998). In optimization of composite materials, the decision 
variables can be the quantities, types of individual components or their 
distribution in space, their relations. In other words, it means they can be 
defined either continuous, e.g. the quantities or discrete, e.g. types of 
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components (Brandt, 1998). The decision variables are usually in the decision 
space, every point in that space corresponds to a composite decided by these 
decision variables; The boundary of this space is determined by the constraints 
imposed on the decision variables, the constraints occur in the form of limiting 
the quantities of the decision variables; The objective function is a mathematical 
expression describing a certain property of the material forming the basis for the 
criterion of optimization, such as compressive strength, certain acoustic 
properties (Brandt, 1998). This is the basic knowledge about the optimization.     
In the mixture design experiment, traditionally concrete is designed for 
optimizing compressive strength by methods based more or less on “one factor 
at a time”/ “trial and error” method (Muthukumar and Mohan, 2004; Simon et al., 
1997). By changing the quantity of one constituent at a time, the aim is usually 
to develop the best mix with the highest compressive strength. As mentioned 
before, with the development of concrete technology, more and more materials 
have been introduced into this composite; more requirements, such as 
workability, voids issue, etc., have also been applied into the design. 
Optimization approaches can formulate and solve all these problems that occur 
during the process of the experiments, no matter how complex the mix design 
requirements are and constituents are. This needs to be treated mathematically. 
After the model of the experiment is specified, it would be easier to express the 
purpose of the experiment by using an optimization method and for future users 
to understand the experimental data in terms of the model. This means that 
once the suitable empirical models (objective function) are chosen for each 
response, an optimization method can be used to find the best model to fit the 
experimental data while meeting certain constraints, either maximizing or 
minimizing a particular property.   
For the application of a mathematical model on the optimization, several 
methods are available. Ahmad and Alghamdi (2014) systematically reviewed 
and summarized fully analytical methods, semi-experimental methods (half 
analytical) and statistical methods.  Analytical methods have been introduced 
previously in Section 3.2.1. They help in searching for an optimum concrete 
mixture based on detailed knowledge of mixture components and on certain 
basic formulas, which result from previous experience assuming that all the 
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important characteristics of the components are known without the need to 
prepare trial mixes and special testing of the components (Brandt, 1998; Yeh, 
2007). Semi-experimental methods are based on combining the experimental 
database or experimentally developed prediction models and various analytical 
tools such as artificial neural network, genetic algorithm, and mathematical 
programming (Ahmad and Alghamdi, 2014; Jayaram et al., 2009; Lee et al., 
2009; Yeh, 2009). Statistical methods, also termed as statistical experiment 
design methods, can design the mixing batches according to the empirical 
models to reduce the sample number. Trail batches are then conducted, 
experimental results are then analysed using standard statistical methods and 
fitted with empirical model. Then the optimization can be done subject to 
constraints to yield one or more desired properties (Ding et al., 1999; 
Muthukumar and Mohan, 2004; Nunes et al., 2013; Scheffé, 1963). Detailed 
information will be reviewed and discussed in the following sections.        
In fact, no matter whether the traditional mix design methods or advanced mix 
design methods, they are aimed to obtain any type of material meeting several 
performance criteria (that is constraints on responses), such as compressive 
strength. Optimization is an inevitable part of the mix design method process 
which exist in different approaches. Traditional mix design methods were built 
from the analytical equations which were derived from thousands of trial and 
error experiments; in the advanced mix design methods, optimization can be 
performed by either graphical or numerical techniques, and can be helped by 
using software (Moré and Wright, 1993). 
 
3.3.2 Literature review on optimization for concrete mix 
design 
Applying optimization methods to concrete mix design has history as early as 
1934 when such methods were elaborated by Paszkowski (Brandt, 1998; 
Paszkowski, 1934, 1935). Brandt (1998) reviewed various concrete optimization 
problems since the 1950s. The applied optimization method on “composites” 
mixture design (Concrete is also known as a composite.) was mainly the multi-
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criteria optimization based on the mathematical regression model (Brandt, 
1998). The mathematical regression model, response surface of objective 
functions, for the optimization can be realized by using programming (R, Matlab 
etc.), statistical software (Sate-Ease, Design Expert, Minitab etc.), spread 
sheets (Excel etc.), and ready experiment design software (The Unscrambler® 
X from Camo’s etc.). These can be referred to the review of advanced mix 
design methods.  
Bayramov (2004) used three-level full factorial experimental design combined 
with response surface method to develop the objective function for the 
optimization. Commercially available software package Design Expert was used 
to realize this process. K. A. Soudki et al. (2001) used full factorial statistics to 
perform the experimental design. Then the aim of optimizing the maximized 
compressive strength was performed by a computer program to compute the 
coefficients of the response surface mathematical model. Yeh (2006) 
investigated the potential of using design of experiments and neural networks to 
generate response surfaces of compressive strength of concrete, instead of 
commercially available neural network software, the program adopted was 
written in C language. Akcay and Tasdemir (2009) designed the experimental 
programs to an optimum solutions by using analysis of variance (ANOVA) and 
optimizing this model with multi-objective simultaneous optimization technique 
by incorporating the response surface method (RSM). M.A.M Abdeen and H. 
Hodhod (2010) utilized analytic formulae for concrete mix design based on 
experimental data base and optimizing the concrete behaviour by using Artificial 
Neural Network.  
From the above techniques, graphical techniques are  widely used in the 
concrete mix design when the number of responses is three or less; the 
graphical methods also can generate contour plots of responses with the 
constraints indicated, creating the feasible region that meets all of the 
constraints; then either the minimum or maximum value can be directly sourced 
(Simon et al., 1999).  Examples include Bayramov’s (2004), Yeh’s (2006), 
Akcay and Tasdemir’s (2009) mentioned above.  
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3.3.3 Literature review of mathematical model between 
properties of concrete  
Since the mathematical model is the basis for the optimization, in this section 
some mathematical models for the relationship between some key properties 
are reviewed, such as compressive strength and mix design, compressive 
strength and elastic modulus, elastic modulus and dynamic modulus.   
 Compressive strength and mix design 
The compressive strength of concrete is commonly considered as one of its 
most important properties. However, it can be influenced by many factors, such 
as water/cement ratio, gel/space ratio (“this ratio is defined as the ratio of the 
hydrated cement paste to the sum of the volumes of the hydrated cement and 
of the capillary pores” (Neville, 2011)), porosity, the properties of the coarse 
aggregate (e.g. shape and surface texture), aggregate/cement ratio, different 
constituents etc. (Neville, 2011). Hence it is difficult to directly find an exact 
model to fit the material in this research and to find a model which covers all of 
these factors. A fully analytical method does not fit for building the relationship 
between mix design and any properties for this project, but the semi-analytical 
methods.   
 Elastic modulus and compressive strength 
There is no agreement on the precise form of the relationship between elastic 
modulus and compressive strength, given the fact of the variable properties of 
aggregate (Neville, 2011).  
The semi-empirical equation recommended by (ACI 318-11, 2011, p. 318) is the 
most widely used one. For the normal weight concrete, it is expressed as 
 𝐸𝑐 = 4.73(𝑓𝑐)
0.5 (36) 
Where 
𝐸𝑐 -- is the static modulus of elasticity expressed in GPa; 
𝑓𝑐 -- is the compressive strength in MPa. 
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For concretes with strengths up to 83  MPa , ACI 363R-92 (R1997) 
recommended 
 𝐸𝑐 = 3.32(𝑓𝑐)
0.5 + 6.9 (37) 
Where 
𝐸𝑐 and 𝑓𝑐 -- are the same as in Eq.(36).    
In the range of strengths between 80 and 140 MPa, Kakizaki et al. (1992) found 
the following equation 
 𝐸𝑐 = 3.65(𝑓𝑐)
0.5 (38) 
Where 
𝐸𝑐 and 𝑓𝑐 -- are the same as in Eq.(36).   
 
 Dynamic modulus and elastic modulus 
There are various empirical relations between dynamic modulus and elastic 
modulus. The expression which is included in the BS EN 1992-1-
1:2004+A1:2014 for design of concrete structures when concrete contains less 
than 500kg of cement per cubic metre of concrete, is  
 𝐸𝑐 = 1.25𝐸𝑑 − 19 (39) 
Where 
𝐸𝑐 -- is the static modulus of elasticity expressed in GPa; 
𝐸𝑑 -- is the dynamic modulus of elasticity expressed in GPa. 
For lightweight aggregate concrete, the following expression is suggested by 
Swamy and Bandyopadhyay (1975): 
 𝐸𝑐 = 1.04𝐸𝑑 − 4.1 (40) 
Where  
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𝐸𝑐 and 𝐸𝑑 -- are the same as shown in Eq.(39). 
The simplest of these proposed by Lydon and Balendran (1986) is  
 𝐸𝑐 = 0.83𝐸𝑑 (41) 
Where 
𝐸𝑐 and 𝐸𝑑 -- are the same as shown in Eq.(39). 
In addition, Nagy (1997) built an empirical formula between static elastic 
modulus and dynamic elastic modulus through damping loss factor. And this is 
described in Eq. (42): 
 
𝐸𝑐 =
𝐸𝑑
1 + 𝜂𝛼′
 (42) 
Where  
𝐸𝑐 -- is the static modulus of elasticity expressed in GPa; 
𝐸𝑑 -- is the dynamic modulus of elasticity expressed in GPa; 
𝛼′ -- is an empirical factor,  𝛼′ = 0.35 was found cement type and w/c ratio 
independent for the concrete mixes used in his research (Nagy, 1997);  
𝜂 -- is loss factor.  
Note: 𝜂 is noted as damping coefficient in Nagy’s paper. While 𝜂 is noted as 
loss factor in general (Cremer et al., 2005; Crocker, 1998; Katipally, 2011; 
Mandal et al., 2004). 
 
3.3.4 Linear regression models in multi-criteria analysis 
When the objective functions are estimated on the basis of experimental results, 
usually the estimate has the function of a polynomial regression response. In 
this case, the least-squares estimator can be obtained by using linear 
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regression methods (Brandt, 1998). In this section, the theory of linear 
regression methods will be presented. 
One of the most widely used tools for investigative purposes is regression 
analysis (Draper and Smith, 1998; Freund and Littell, 2000; Kutner et al., 2004). 
Multiple linear regression is a tool for modelling the relationship between a 
response variable y and a set of variables 𝑥1, ⋯ , 𝑥𝑚. To any composite material, 
a sequence of parameters 𝒙 = (𝑥1, 𝑥2, ⋯ , 𝑥𝑚)
𝑇  is used to characterize the 
contents of the composite as well as the technological process of the composite 
formation. The subset of a parameter space, corresponding to all the 
composites under consideration, is named the experimental region. Properties 
of the composite will be named as criteria. The values of the criteria can be 
described by the objective functions defined in the experimental region. These 
functions can be estimated on the basis of the experimental results. These 
experiments are performed for the composites corresponding to a finite number 
of points, Eq. (43), in the experimental region.  
 𝒙(1), 𝒙(2), ⋯ , 𝒙(𝑛) (43) 
𝑓(𝒙) can be considered as an unknown objective function which describes the 
fixed property/parameters/variables of the composite, such as compressive 
strength etc. It is assumed that it depends polynomially on the parameters in the 
experimental region. The most commonly used is the following quadratic model: 
 𝑓(𝒙) =  𝛽0 + 𝛽1𝑥1 + ⋯ + 𝛽𝑚𝑥𝑚 + 𝛽11𝑥1
2 + 𝛽12𝑥1𝑥2 + ⋯
+ 𝛽𝑚𝑚𝑥𝑚
2  
(44) 
However, the considerations are valid for any other polynomial model. The 
above regression equation can be expressed using the matrix product 
 𝑓(𝒙) = 𝒛𝑇(𝒙)𝒃 (45) 
Where the row: 
 𝒛𝑇(𝒙) = (1, 𝑥1, ⋯ , 𝑥𝑚, 𝑥1
2, 𝑥1𝑥2, ⋯ , 𝑥𝑚
2 ) (46) 
is determined by the regression polynomial model, and  
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 𝒃 =  (𝛽0, 𝛽1, ⋯ , 𝛽𝑚, 𝛽11, 𝛽12, ⋯ , 𝛽𝑚𝑚)
𝑇  (47) 
is the vector of unknown coefficients of the objective function. The number of 
parameters in the considered polynomial model will be denoted by 𝑝. 
𝑦(1), 𝑦(2), ⋯ , 𝑦(𝑛) are defined as the values of measurements of the considered 
objective function which corresponds to the design points, Eq.(43). Therefore, 
the experimental errors are: 
 𝜖(𝑖) = 𝑦(𝑖) − 𝑓(𝒙(𝑖)) = 𝑦(𝑖) − 𝒛𝑇(𝒙(𝑖))𝒃,  (48) 
Where: 
       𝑖 = 1, ⋯ , 𝑛 
The above relationships can be written in matrix form as 𝒚 = 𝑿𝒃 + 𝒆, where 𝒚 =
(𝑦(1), ⋯ , 𝑦(𝑛))𝑻  is the vector of responses, 𝒆 = (𝜖(1), ⋯ , 𝜖(𝑛))𝑇  is the vector of 
errors and Eq. (49) is the matrix of the extended experimental design.  
 
𝑿 = (
𝒛𝑇(𝒙(1))
⋮
𝒛𝑇(𝒙(𝑛))
) (49) 
As the estimator of the vector 𝒃 of unknown coefficients, the classical least-
squares estimator is used in Eq. (50). 
 ?̂? = (𝑿𝑇𝑿)−1𝑿𝑇𝒚 (50) 
By using Eq. (49) and Eq. (50), the prediction 𝑓(𝒙)of the value of the objective 
function at every point 𝒙 of the experimental region can be expressed by the 
formula 
 𝑓(𝒙) = 𝒛𝑇(𝒙)?̂? = 𝒛𝑇(𝒙)(𝑿𝑇𝑿)−1𝑿𝑇𝒚 (51) 
Hence, the vector ?̂? = (?̂?(1), ⋯ , ?̂?(𝑛))
𝑇
 of the predicted value of the objective 
function at the design points is equal to  
 ?̂? = 𝑿?̂? = 𝑿(𝑿𝑇𝑿)−1𝑿𝑇𝒚 (52) 
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The differences 𝑦(𝑖) − ?̂?(𝑖)  between the values obtained as the result of an 
experimental measurement.  
One can consider the sum of squares: 
 
𝑠 = ∑(𝑦(𝑖) − ?̂?(𝑖))
2
𝑛
𝑖=1
= (𝒚 − ?̂?)𝑇(𝒚 − ?̂?) (53) 
In the optimization, looking for the minimum value of 𝑠 can be applied to best fit 
the objective function to the experiment data, which is called least square 
regression analysis (Brandt, 1998).   
 
3.4 Conclusion  
In this chapter, a simple review of optimization methods previously applied in 
the concrete research field is presented; some basic knowledge of optimization 
method theory is provided, and potential optimization methods (least square 
method) are suggested.  
In the concrete field, a concrete mix design method is used to create a 
composition with certain optimized properties, especially the compressive 
strength and cost (usually via minimising the cement content). Then, a review of 
traditional mix design methods and advanced mix design methods has been 
presented. Thus, the traditional mix design methods show their inapplicability to 
develop a mix with new and/or unique properties, such as, for example, 
optimizing a material’s acoustic properties. One type of advanced mix design 
method is suggested, hence building new analytical models between acoustic 
properties and mix design. 
After the literature on the application of optimization in concrete field is reviewed, 
a semi-experimental (half analytical) method can be chosen as the most 
adequate approach for this research, referring to Section 3.3.1. There is no 
previous research regarding to the acoustic properties of cementitious material 
for musical manufacture. In order to optimize the acoustic properties of concrete, 
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a large quantity of experimental data still needs to be collected. The software 
aided optimization method was implemented and enabled collaboration with 
other previous mathematical models in mortar/concrete, such as the 
relationship between compressive strength and elastic modulus, and elastic 
modulus and dynamic modulus, which have been comprehensively researched 
and developed into Standards. Through these existing models, and new 
regressioned models (relationship of compressive strength and constituents 
which is unique for different mixes), the object function of acoustic properties 
and constituents can be constructed.          
Once the suggested model was used to fit the experimental data, the 
optimization method (least square method) was directly applied by using the 
solver function in Microsoft Excel.  The optimized objective function model could 
then be built.  
In this research, the optimization method was not used to determine the 
material which has the desired acoustic properties for musical manufacture, but 
to explore the process to build the optimized fitting model to match with the 
experimental data. This process can be directly used to build more models for 
other concrete materials with different constituents. It can also be applied into 
practical applications, which allows efficiently determining the concrete mixes 
with any wanted acoustic properties, and save the mixes production time at the 
mean time. 
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Chapter 4  METHODOLOGY  
 
 
4.1 Introduction 
The main challenge of this research topic is to identify the most appropriate mix 
design with the desired acoustic properties of concrete as a potential material 
for a musical instrument; or in other words the constituents can be adjusted to 
obtain the desired acoustic properties similar to a wood material for 
constructing, for example, a musical instrument soundboard. Due to the 
limitation of time and no data based previous researches, in this project, trying 
to build relationships between the constituents and the acoustic properties are 
necessary as a foundation of this research topic, Hence, the main task of this 
research is based on the experiment laboratory work and to find the acoustic 
related mix design parameters, explore more material’s potential.  
Based upon the conclusions from the literature review (Chap.2), some of the 
acoustic properties important for musical soundboard materials, and to which 
the mechanical properties are related, will be tested and investigated. All of 
these tests will be based on the concrete testing methods. Hence some of the 
data can be compared with the previous researches. The existing models 
between the mix design and the physical/mechanical properties can also be 
used or compared in the optimization stage (Chap.7).  
As mentioned in Chapter 3, 3 types of mix design methods have been reviewed 
and explained. Multi-factors experiment design has shown a great efficiency for 
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designing mixes with many additives and/or admixtures. Therefore, multi-factors 
experiment design plus numerical optimization modelling method were initially 
investigated as potential mix design methods. However, the traditional “one 
factor at a time” method (Brandt, 1998) common in concrete research was 
finally used, due to the absence of existing quality empirical published data in 
the field of acoustic properties of cementitious materials.  
The trial and error “one factor at a time” method is used in Experiment I 
(Chapter 5): preliminary test and advanced experiment test Experiment II 
(Chapter 6), with selected constituents summarized from the conclusions of the 
preliminary tests. The detail will be shown in the experiment scenarios, Section 
4.2. 
Numerical optimization modelling, however, was still employed in the 
optimization stage after all the data had been collected from the experiment I 
and experiment II.    
In addition, in this chapter, based upon the existing knowledge of acoustics of 
materials for musical instruments, a series of assumptions regarding the design 
of special acoustical concrete/mortar will be discussed and explained. It also 
includes how to select appropriate constituents for creating such 
concrete/mortar material, the acoustic properties and physical/mechanical 
properties tested, the test methods themselves, design of the experiments, as 
well as the casting and testing procedures and optimization methods. As there 
are no specific standards specialized for the testing of concrete/mortar for its 
acoustic properties, standards for both concrete and mortar are applied, from 
both the American Society for Testing and Materials (ASTM International), and 
the British/European standards (BS / BS EN).   
 
4.2 Experiment scenarios 
As mentioned in the review of traditional mix design methods in Section 3.2.1., 
traditionally, the aim of mixture proportioning methods for concrete is based on 
data, such as the characteristic compressive strength and workability 
                                                                                             
108 
 
Methodology  
requirements of the concrete for a particular case, such as the ACI method ACI 
211.1-91 (2009) and British BRE (1997) method. However, in this research, 
designing a concrete material (mixture proportion) subject to certain additional 
requirements regarding the acoustic properties of musical instrument production 
is unique.  
As mentioned in Section 2.4, except the traditional acoustic properties of 
concrete used for building acoustics concerning the sound absorption or 
transmission, there has been a growing interest in NDT techniques concerning 
acoustic methods, such as: UPV, ultrasonic wave reflection, resonant 
frequency, impact or pulse echo and acoustic emission methods (Dunod, 1983; 
Krause et al., 1997; Limaye and Krause, 1991; Popovics and Subramaniam, 
2015; Trtnik et al., 2009; Xiangqian et al., 2016). These non-destructive 
methods are mainly used for the application of detecting the internal features of 
concrete structures or the quality of concrete/mortar etc.. For example, the 
speed of sound determined from the UPV method have been widely examined, 
but the data are mainly used to check the quality of concrete/mortar in terms of 
homogeneity, internal flaws, cracks, and durability, relationship with other 
physical properties (e.g. strength, elastic modulus, density, porosity) and mix 
parameters (e.g. curing condition, cement hydration, water content) etc. 
(Anderson and Seals, 1981; Cheesman and Leslie, 1949; Gesoğlu, 2010; Trtnik 
et al., 2009, 2008; Van Breugel and Fraaij, 2001; Yaman et al., 2002; Zhang et 
al., 2009); resonant frequency method makes use of the relationship between 
the natural frequency of a solid body’s vibration and its elastic properties, by 
knowing the density of a specimen with given dimensions (Dunod, 1983; 
Malhotra and Sivasundaram, 2004; Nagy, 1997; Swamy, 1971); while acoustic 
emission methods is used to monitor fracture processes in concrete occurring 
due to the application of external forces, as the occurrence of cracks within the 
cementitious matrix is accompanied with a release of energy in the form of the 
acoustic waves, and the data can be used to evaluate the strength and origin of 
the acoustic events and correlate this information to the type or extent of the 
damage (Chotard et al., 2003; Mindess, 2004; Spasova and Ojovan, 2006; 
Xiangqian et al., 2016); impact or pulse echo method’s main application field is 
the detection of internal features of concrete structures, such as cracks, tendon 
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ducts etc.(Krause et al., 1997; Pessiki and Johnson, 1994, 1996; Pessiki and 
Carino, 1988); the ultrasonic wave reflection method can provide fundamental 
insight into the following physical changes: setting time characteristics, the rate 
of strength gain in concrete, changes in porosity, elastic or viscoelastic module, 
and material microstructure development in the hydrating cementitious 
materials in the fresh state, through stiffening, setting and hardening processes, 
by the interpretation of the magnitude and phase of the reflection data of wave 
propagation in the two media in contact (Akkaya et al., 2003; Alig et al., 1997; 
Kim et al., 2009; Popovics and Subramaniam, 2015; Voigt et al., 2003).  
These acoustic properties, however, have themselves not yet been fully 
investigated and understood, and the effect of each of the concrete constituents 
on the acoustic properties have not yet been fully understood. In addition, no 
reference data exists of what compressive strength a musical instrument sound 
board (or similar) should have. Compressive strength optimisation is not 
considered as the key aim in this research. The resultant properties of the 
material produced however, such as compressive strength, can still be 
compared with other related concrete research in order to help characterise the 
material. 
Therefore, according to the literature review and the research gaps described 
above, this research was to systematically investigate more acoustic properties 
of cementitious materials, and explore the relationships between acoustic 
properties, physical/mechanical properties and mix design parameters.  Basic 
material parameters will be investigated, such as w/c ratio, sand grading, and 
the proportion of additives/admixtures. Additives include frequently used 
cementitious materials such as fly ash, GGBS and silica fume, and 
superplasticizer. Considering making a homogeneous material, coarse 
aggregate and fibres were not considered in this beginning part of the research.    
Vibration enhancement can be influenced by the damping capacity and the 
stiffness of the material. This fact has motivated the research focusing on the 
dynamic behaviour of new materials and composite concrete. The acoustic 
behaviour of concrete under dynamic actions in this case is determined by the 
following acoustic properties, vibration damping, natural frequency, speed of 
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sound and other related mechanical properties, such as dynamic modulus, 
elastic modulus, and flexural modulus etc. 
The properties investigated, either physical/mechanical or acoustical, were 
selected from the factors/properties which sound board should possess, as 
described in Chapter 2 and listed in Table 5. Figure 19 presents the general 
idea of how the acoustic properties were determined, the selected constituent 
materials, physical/mechanical properties, and the acoustic properties.   
 
 
 
 
 
 
 
 
 
Figure 19: Overview of methodology 
 
The test methods, sample size and standards shown in Table 19 were adopted.  
 
 
 
 
 
 
Constituents
• Water / water cement ratio
• Aggregate (grading)
• Additives - cementitious material (fly ash, 
GGBS, silica fume)
• Admixtures (superplasticizer)
Physical/ Mechanical 
properties 
• Density, hardness
• Strength (compressive, flexural), elasticity 
(static and dynamic)
Acoustic 
properties 
• Sound velocity
• Resonant frequency
• Internal damping  
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Table 19 Experiment Work Outline (a.) Mechanical properties testing and (b.) Acoustic 
properties testing 
a. Mechanical properties testing 
Mechanical properties Standard Sample size 
Compressive strength 28 days BS EN 12390-3:2009 
100 mm  
cube 
Flexural strength BS EN 1015-11:1999 
40 × 40 × 160 mm  
prism 
Flexural modulus C580-02 
 
40 × 40 × 160 mm 
prism 
Dynamic modulus ASTM C215-08 
40 × 40 × 160 mm  
prism 
Elastic Modulus BS1881-121:1983 
4
1
8
′′
× 9′′  
(101.6 × 228.6 mm) 
cylinder 
Hardness BS EN 12504-2:2001  area: 100 × 100 mm  
Density BS EN 12390-7:2009 
100 mm  
Cube 
Note: The standards for the sample size are all following their corresponding testing standards 
except for the sample size for measuring density is following standard  BS EN 12390-1:2012 
and sample size for compressive strength 28days testing is following stand BS EN 12350-
1:2009.  
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b. Acoustic properties testing 
Acoustic properties Test method Sample size 
Speed of sound 
(𝐶) 
 Ultrasonic pulse testing methods 
100 mm  
cubes 
Vibration Damping (𝑡𝑎𝑛𝛿) 
Flexural vibration testing 
(Bandwidth method) 
40 × 40 × 160 mm 
Natural Frequency 
(𝑓𝑛) 
Flexural vibration testing 
(resonance frequency meter 
equipment) 
Note:  𝐶 = √𝐸 𝜌⁄     
                  𝑄−1 = 𝑡𝑎𝑛𝛿 
                  𝑄 =
𝑓𝑛
𝑓2−𝑓1
 
 
Where 
𝐶 - Speed of sound, m/s, see section2.2.3.3 for more details; 
𝐸 - Elastic modulus (static or dynamic), Pa; 
𝜌 - Density, kg/m3; 
𝛿 - is the loss angle, see section2.2.3.3 for more details; 
𝑄 - is the quality factor, see section 2.2.3.3 and section 4.10.3 for more details; 
𝑓 – Frequency, Hz, 𝑓𝑛 is natural frequency, 𝑓2 is upper frequency and 𝑓1 is lower frequency when 
the amplitude of vibration drops to 70.7% of the maximum amplitude. 
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In this research, two experimental programmes were performed. In Programme 
I, all the basic material parameters in Table 19 (a) and (b) were investigated. 
After analysing the results from programme I, the additive/factors which had the 
greatest influence on the acoustic properties of the material could be identified 
and also should be considered combing with below listed hypothesis:   
 Constituents/factors should have a significant influence on the acoustic 
related properties in the range of added level and also the more acoustic 
related properties the constituents/factors affects, the more potential the 
optimized mix can be created.  
 Compared with a wooden sound board, concrete should have its own 
unique sound quality. However, the created mortar/concrete should have 
the potential to be adjusted as close to nearly all the acoustic properties 
of wooden sound board as possible by manipulating one constituent or 
factor.  
Then, the detailed mix design samples with this additive included were 
investigated in programme II. Hence, the mechanical/physical properties and 
the acoustic properties of FA mortar, could consequently be adjusted by altering 
the proportions of the concrete mix. The interaction effect of mix design 
constituents on mechanical/physical and acoustic properties could then be 
determined, so as the correlation between the physical/mechanical properties 
and acoustic properties.      
After determining the relationship between the acoustic properties, 
physical/mechanical properties, the experiments results of physical/mechanical 
properties obtained from programme II were used to develop mathematical 
models that could be used to help predict the acoustic properties of fly ash 
incorporated mortars. This simulated model was developed based upon 
previously published mathematical models (Section 3.3.3). The aim of this 
optimization fitting was to establish a model between the mix design 
(proportions of constituents) and the related responses (acoustic properties) 
directly. A detailed flow chart of the experiment design is presented in Figure 
20.
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4.3 Materials 
Cement 
The cement used was CEM I 52.5N Portland cement conforming to BS EN 197-
1 from Lafarge. Its main chemical and physical properties are given in Table 20. 
1400 kg/m3 was the measured bulk density.  
Table 20 Properties of the Portland cement 
Class 
 
 
(BS EN 
197) 
Fineness Soundness Compressive strength 
(BS EN 196-1:2005 
Mortar) 
Apparent 
particle 
density 
Bulk density 
Specific 
surface 
(m2/kg) 
Initial set  
 
(mins) 
2 days 
 
(MPa) 
7days 
 
(MPa) 
28days 
 
(MPa) 
kg/m3 
Aerated  
 
(kg/m3) 
Settled  
 
(kg/m3) 
52.5N 300-450 80-200 25-35 40-50 52-65 
3080-
3180 
1000-
1300 
1300-
1450 
 
Aggregate 
In order to create a more homogeneous material, no coarse aggregate was 
used. Zone 2 Natural River sand supplied by Portaway Minerals was used. In 
the preliminary testing (experimental programme I) 3 types of sand grading 
based on Zone 2 sand were used: normal natural River sand, 500 μm to 4 mm, 
and < 500 μm. 500 μm was selected because this size is used to describe the 
coarseness or fineness of the fine aggregate in standard BS EN 12620:2013. 
The detailed reason for grouping the sand is discussed in Section 4.4. The 
moisture content was measured using an Ashworth Speedy Moisture Tester. As 
the value was nearly 0.01, the moisture content was neglected, and the sand 
was considered as dry sand. The grading of the Zone 2 Natural River sand was 
calculated according to BS EN 933-1:2012, and is shown in Table 21. The 
gradings of the 3 different sands used in programme I are shown in Figure 21. 
The material properties of the Zone 2 River sand can be found from Table 22. 
The values in bold were used in the calculation of the mix proportions. In the 
experimental programme II, a specially washed, dried and sieved through 2 mm 
Zone 2 sand was used, as described in Chapter 6. The grading of this specially 
processed sand is shown in Figure 22.  
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Table 21 Zone 2 sand grading (BS EN 933-1:2012) 
 
 
 
 
 
 
 
 
 
 
Table 22 Material properties of Zone 2 sand 
Test Property 0/4 mm 
Mean Loose Bulk Density (SG): 1.59 
Mean Compacted Bulk Density (SG): 1.72 
Particle Density (Oven Dry) (SG): 2.62 
Particle Density (S.S.D) (SG): 2.64 
Apparent Particle Density (SG): 2.68 
Water Absorption (%): 0.1 
Percentage Voids (%) 39.18 
Percentage Voids (%) compacted 34.35 
Note: SG: Specific gravity. 
Sieve/Test  Result (%) Zone 2 Sand (%) 
         8 mm 100 100-100 
         6.3 mm 100 95-100 
         5 mm 100  
         4 mm 93 87-97 
         2.8 mm 90  
         2 mm 86  
         1 mm  80  50-90 
         0.5 mm 69 30-70 
         0.25 mm 16 0-40 
         0.125 mm 2  
         63 um 1.0 0-3 
         Pan 0.0  
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Figure 21 Sand used in experimental programme I (BS EN 933-1:2012) 
 
 
Figure 22 Grading of special processed sand used in programme II (BS EN 933-
1:2012) 
 
Additives and additions  
Other cementitious materials were added to the mortar to compare with the 
plain mortar.  
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 Fly ash (FA) 
CEMEX 450-S FA was used, a controlled fineness FA that can be used in 
conjunction with Portland cement CEM I, and complying with the designated 
combinations given in BS 8500-1:2006+A1:2012 (UK complementary standard 
to BS EN 206-1 Concrete – Part 1). 450-S conforms to the special fineness (S) 
Category of BS EN 450-1:2012. It was selected for a controlled residue of less 
than 12% on a 45 μm sieve. The powder has a bulk density of 800 kg/m3 and a 
specific density of 2.2. This type of FA was chosen due to “the fineness of the 
material and the spherical particle shape both act to improve particle packing 
and impart water reducing properties within concrete when compared to CEM I 
cement” (CEMEX UK Cement Ltd).   
  
 Ground granulated blast furnace slag (GGBS) 
GGBS was supplied from Hanson, conforming to either BS 6699, for use with 
Portland cement, or BS EN 15167-1 GGBS for use in concrete, mortar and 
grout. It generally replaces normal Portland cement between 20% and 80% of it. 
This GGBS was dried and ground to a fineness similar to that of Portland 
cement. The typical physical properties of Hanson GGBS are shown in Table 
23. 
Table 23 Typical physical properties of GGBS from Hanson 
Surface area 
(m2/kg) 
Bulk density Relative 
density 
(specific 
gravity) 
Colour 
Loose (kg/m3) Vibrated 
(kg/m3) 
450-550 1000-1100 1200-1300 2.9 Off white 
  
 Silica fume (SF) 
An undensified silica fume Elkem Microsilica 920 was also used as a cement 
replacement. It complies with BS EN 13263-1:2005+A1:2009, Part 1 and Part 2 
and ASTM C1240 - 12. The dosage varied between 5% and 15% of the mass of 
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the cement. The bulk density of this undensified silica fume is 200 to 350 kg/m3. 
The specific surface area is between 15000 to 35000 m2/kg. 
An undensified silica fume Elkem Microsilica 920, supplied by Elkem, was also 
used as a replacement of the cement. It complies with BS EN 13263-1:2005 
Silica fume for concrete, Part 1 and Part 2 and ASTM C1240 - 12 Standard 
specification for silica fume for use as a mineral admixture in hydraulic-cement 
concrete, mortar and grout. The dosage of SF varied between 5% and 15% of 
the mass of the cement. The bulk density of this undensified silica fume is 200 
to 350 kg/m3. The specific surface area is between 15000 to 35000 m2/kg.  
 
 Superplasticizer (SP) 
Sika ViscoCrete 30HE conforming to BS EN 934-2:2009 +A1:2012 was used at 
dosages of 0.2-0.6% weight of cement. The slump was keeping constant as the 
control mix. It can also be used combining with partial replacement of fly ash to 
give higher strength in later ages (Neville and Brooks, 2010). For more details 
(data sheet) see (Sika UK, 2016). 
  
4.4 Mixing proportions 
The mix design was based on the plain mortar control mix of 1:3 c/s ratio with a 
w/b ratio of 0.5 (equivalent to w/c ratio for plain mortar) (BS EN 196-1:2005).  
As two experimental programmes were conducted, different mix proportions 
were designed.  
Experimental programme I: preliminary 
In the experimental programme I, the following parameters, and their effect on 
the physical/mechanical and acoustic properties of the material, were 
investigated: sand grading, water cement ratio, fly ash, GGBS and silica fume. 
 Effect of sand grading  
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Zone 2 sand was sieved into 3 groups. The Zone 2 sand is the natural local 
sand to Loughborough University, UK. 500 μm – 4 mm particles sand is the 
coarse sand of zone 2 sand after sieving through 500 μm. The particles smaller 
than 500 μm sand are considered as the fine sand of zone 2 sand. They both 
can be considered as a gap graded sand (BS EN 12620:2002+A1:2008 and BS 
EN 12620:2013). Three mixes are used for testing this effect. The only varied 
parameter would be the different grading of sand used among these three 
mixes. The b/s ratio and w/b ratio were kept constant at 1:3 and 0.5 respectively 
for mixes 1, 2 and 3.  The detailed mix design is included in Appendix I. The 
proportions of the mix design are shown in Table 24.  
Table 24 Mix proportions for grading effect per 1 m3 
Mix title 
500 μm – 4 mm <500 μm Zone 2 
Mix 1 Mix 2 Mix 3 
Cement (kg) 503.94 503.94 503.94 
Sand (kg) 1511.81 1511.81 1511.81 
Water (kg) 251.97 251.97 251.97 
w/c 0.5 0.5 0.5 
Note:  
The numbers shown in the table are the calculated quantity of the constituents. The effective 
water value put into the mixer equals to the value shown in this table plus the absorption 
water value of the oven dried sand. The absorption coefficient of the sand is 0.9%.  (This suits 
for all the mix proportion tables in this section.)  
 
 Water cement ratio effect 
The b/s ratios (binder is cement) were maintained constant at 1:3 for mixes 4, 3, 
5 and 6 with the w/b ratios of 0.4, 0.5, 0.6 and 0.7 respectively.  An example of 
the mix design of plain mortar calculations can be found in Appendix A, based 
upon the absolute volume mix design method. The water quantity shown 
includes the absorption water of the sand. The proportions of mix design can be 
seen in Table 25. 
Table 25 Mix proportions for water effect per 1 m3 
Mix Title Mix 4 Mix 5 Mix 3 Mix 6 
Cement (Kg) 545.60 530.97 503.94 479.53 
Sand (Kg) 1636.79 1592.90 1511.81 1438.59 
Water (Kg) 190.96 212.39 251.97 287.72 
W/C 0.35 0.4 0.5 0.6 
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 Fly ash effect 
Based on the control mix, w/c=0.5, cement/sand=1/3, fly ash is used to replace 
the cement in volume 15% (mix 7), 30% (mix 8), 45% (mix 9), and 60% (mix 
10). The use of 15% to 60% FA as partial replacement for cement was 
established by following previous research (Khokhar et al., 2010; Liu, 2009; 
Tam and Weng, 1994). The proportions of mix design can be seen in Table 26. 
Table 26 Mix proportions for fly ash effect per 1 m3 
Mix Title Mix 7 Mix 8 Mix 9 Mix 10 
Cement (Kg) 428.35 352.76 277.17 201.58 
Sand (Kg) 1511.81 1511.81 1511.81 1511.81 
Water (Kg) 251.97 251.97 251.97 251.97 
Fly ash (Kg) 53.13 106.26 159.39 212.52 
Vol. of FA replacement 15% 30% 45% 60% 
 
 GGBS effect 
The same as FA added mortar mix, the GGBS mortar mix is also based on the 
control mix, w/c=0.5, cement/sand=1/3, and GGBS is used to replace the 
cement in volume 15% (mix 11), 30% (mix12), 45% (mix 13), and 60% (mix 14). 
The ranges of GGBS replacement levels were also based on previous research 
reported by Guo et al. (2010) and Khokhar et al. (2010) etc. The proportions of 
mix design can be seen in Table 27. 
Table 27 Mix proportions for GGBS effect per 1 m3 
Mix title Mix 11 Mix 12 Mix 13 Mix 14 
Cement (Kg) 428.35 352.76 277.17 201.58 
Sand (Kg) 1511.81 1511.81 1511.81 1511.81 
Water (Kg) 251.97 251.97 251.97 251.97 
GGBS (Kg) 70.04 140.07 210.11 280.15 
Vol. of GGBS replacement 15% 30% 45% 60% 
 
 Silica fume effect 
Same as above mentioned cementitious material mortar mix, based on the 
control mix of w/c=0.5 and c/s=1/3, Silica fume is used to be the additive to the 
cement in weight of 5% (mix 15), 10% (mix 16), 15% (mix 17) (Chen, 2012; Le, 
2008; Rao, 2001). The proportions of mix design can be seen in Table 28. 
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Table 28 Mix proportions for SF effect per 1 m3 
Mix title Mix 15 Mix 16 Mix 17 
Cement (Kg) 503.94 503.94 503.94 
Sand (Kg) 1511.81 1511.81 1511.81 
Water (Kg) 251.97 251.97 251.97 
Silica fume (Kg) 25.20 50.39 75.59 
Addition of SF 5% 10% 15% 
 
 Superplasticizer effect 
The dosage of superplasticizer (in the range of 0.2% to 0.6% by mass of 
cement) was adjusted to obtain approximately the same slump level of 35mm at 
about w/c=0.5 and c/s=1/3 (the control mix). The following dosages were 
chosen at 0.2% (mix 18), 0.4% (mix 19) and 0.6% (mix 20) of cement mass. 
The proportions of mix design can be seen in Table 29. 
Table 29 Mix proportions for SP effect per 1 m3 
Mix title Mix 18 Mix 19 Mix 20 Control 
Cement (kg) 503.94 503.94 503.94 503.94 
Sand (kg) 1511.81 1511.81 1511.81 1511.81 
Water (kg) 262.95 258.26 245.86  251.97 
Superplasticizer 1 2.02 3.02 
 Addition of SP 0.2% 0.4% 0.6% 
  
Note:  
The slumps of all the above mixes were adjusted to 35 mm, the same as control mix.   
 
Experimental programme II:  
In the experimental programme II, FA was chosen as the only additive, based 
upon the results from the experimental programme I and discussed in Section 
5.6. The mix design of the FA-mortar was designed based on published 
literature reviewed in Section 2.3.2.1. The mix design was calculated 
mathematically from the system of equations based on the American design 
method referred to Eq.(35). Instead of 3 ingredients (water, cement and sand) 
for the plain mortar, the mix design task can be formulated with 4 equations for 
the 4 unknown constituents, 𝑉𝑤, 𝑉𝑐, 𝑉𝑠, and 𝑉𝑓 (volume of water, cement, sand 
and fly ash respectively, for a volume of 1 m3 of mortar/concrete). 
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 𝑚𝑤
1000
+
𝑚𝑐
1000𝜌𝑐
+
𝑚𝑠
1000𝜌𝑠
+
𝑚𝑓
1000𝜌𝑓
= 1 (54) 
Where 
𝑚𝑤 – The required quantities by mass of water, 1000 kg/𝑚
3; 
𝑚𝑐 – The required quantities by mass of cement, 3130 kg/𝑚
3; 
𝑚𝑠 – The required quantities by mass of sand, 2680 kg/𝑚
3; 
𝑚𝑓 – The required quantities by mass of fly ash, 2200 kg/𝑚
3; 
𝜌𝑐 – The specific gravity of cement; 
𝜌𝑠 – The specific gravity of sand; 
𝜌𝑓𝑙 -- The specific gravity of fly ash. 
The mix proportioning also give the value of 𝑚𝑤 (𝑚𝑐 + 𝑚𝑓)⁄ , 𝑚𝑐 / 𝑚𝑠  and 
𝑚𝑓 =replacement percentage of cement ∙ 𝑚𝑐 , then the values of 𝑚𝑤 , 𝑚𝑐 , 𝑚𝑠 
and 𝑚𝑓 can be calculated.  
In order to examine the wider ranges of acoustic properties of FA-mortar, 
various w/b ratios, b/s ratios, and FA replacement levels were applied. Some 
trial mixes were conducted initially, but the workability was inconsistent. The 
following mixes shown in Table 30 were tested. The detailed mix proportions 
are shown in Table 31. 
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Table 30 Mixes tested in experimental programme II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
w
/b
 
0
.4
 
b
/s
 
1
:2
.6
 
1
:2
.8
 
1
:3
 
fl
y 
as
h
 
vo
l.
 
1
5 
3
0 
4
5 
6
0 
1
5
 
3
0
 
4
5
 
6
0
 
1
5
 
3
0
 
4
5
 
6
0
 
C
as
ti
n
g 
N
o
. 
m
ix
 2
5
 
m
ix
 3
2
 
m
ix
 3
8
 
m
ix
 4
3
 
m
ix
 3
1
 
m
ix
 3
3
 
m
ix
 2
7
 
m
ix
 4
4
 
m
ix
 2
1
 
m
ix
 2
3
 
m
ix
 5
0
 
m
ix
 5
2
 
w
/b
 
0
.5
 
b
/s
 
1
:2
.8
 
1
:3
 
1
:3
.2
 
fl
y 
as
h
 
vo
l.
 
1
5 
3
0 
4
5 
6
0 
1
5
 
3
0
 
4
5
 
6
0
 
1
5
 
3
0
 
4
5
 
6
0
 
 
m
ix
 2
9
 
m
ix
 3
4
 
m
ix
 3
9
 
m
ix
 4
5
 
m
ix
 5
4
 
m
ix
 5
5
 
m
ix
 5
6
 
m
ix
 5
7
 
m
ix
 2
4
 
m
ix
 3
5
 
m
ix
 4
0
 
m
ix
 4
6
 
w
/b
 
0
.6
 
b
/s
 
1
:3
 
1
:3
.2
 
1
:3
.4
 
fl
y 
as
h
 
vo
l.
 
1
5 
3
0 
4
5 
6
0 
1
5
 
3
0
 
4
5
 
6
0
 
1
5
 
3
0
 
4
5
 
6
0
 
C
as
ti
n
g 
N
o
. 
m
ix
 4
8
 
m
ix
 5
1
 
m
ix
 4
9
 
m
ix
 5
3
 
m
ix
 3
0
 
m
ix
 3
6
 
m
ix
 4
1
 
m
ix
 4
7
 
m
ix
 2
6
 
m
ix
 3
7
 
m
ix
 4
2
 
m
ix
 2
8
 
 
                                                                                             
125 
 
Methodology  
Table 31 Mix proportion (in Kg) of 1m3 of experimental programme II 
Mix No. 
1m3 
Water  Cement Sand Fly ash  
21 212.90 481.50 1596.79 50.76 
22  
23 211.71 437.10 1587.80 92.17 
24 243.29 440.16 1557.03 46.41 
25 231.76 524.14 1506.44 55.26 
26 268.86 405.37 1523.55 42.74 
27 219.55 416.98 1536.84 131.89 
28 265.63 311.39 1505.22 131.32 
29 262.83 475.53 1471.87 50.14 
30 278.40 419.74 1484.78 44.25 
31 221.93 501.91 1553.53 52.92 
32 230.34 475.57 1497.22 100.28 
33 220.63 455.52 1544.42 96.05 
34 261.37 431.71 1463.68 91.03 
35 242.03 399.77 1549.01 84.30 
36 277.03 381.31 1477.49 80.40 
37 267.59 368.31 1516.32 77.66 
38 229.16 435.24 1489.55 137.66 
39 260.16 395.29 1456.88 125.03 
40 240.99 366.16 1542.34 115.82 
41 275.89 349.33 1471.42 110.49 
42 266.52 337.47 1510.31 106.74 
43 228.17 401.22 1483.09 169.20 
44 218.64 384.46 1530.45 162.13 
45 259.13 364.53 1451.13 153.73 
46 240.11 337.77 1536.70 142.45 
47 274.93 322.30 1466.29 135.92 
48 288.63 435.17 1443.16 45.88 
49 285.94 362.05 1429.70 114.51 
50 210.71 400.20 1580.32 126.58 
51 287.16 395.26 1435.81 83.35 
52   
53   
54 252.68 457.16 1516.09 48.20 
55 251.33 415.13 1507.98 87.53 
56 250.21 380.17 1501.24 120.25 
57 249.26 350.64 1495.55 147.87 
Note: Mix 22, Mix 52 and Mix 53 was not successfully made due to lacking of 
workability.   
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4.5 Mixing procedure 
Due to the variety of constituents added to the plain mortar, the mixing 
procedure of additive added mortar will be slightly different to the plain mortar 
but based on BS EN 196-1:2005 and “Making Silica-Fume Concrete in the 
Laboratory” from SFA (Silica Fume Association, 2016). This will be explained in 
“Mixing silica fume concrete/mortar” in the Section 4.5.1.  
The procedure was also split into experimental programmes I and II. In 
experimental programme I, the designed mortars were plain mortar (different 
grading of sand and different w/c ratios), FA-mortar, SF-mortar, GGBS-mortar, 
SP-mortar. In experimental programme II, FA-mortar again.  
The capacity of 15 litres pan mixer was used to mix the mortar, which is shown 
in Figure 23. 
 
Figure 23 Used pan mixer for casting 
  
4.5.1 Experimental programme I 
Mixing plain mortar 
The mixing of plain mortar is based on and modified according to the standard 
BS EN 196-1:2005 6.2 mixing of mortar. The modification part will be explained 
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in section “mixing silica fume concrete/mortar”.  The mixing procedure was 
followed as below: 
1) Place the water and the cement into the mixer, taking care to avoid loss 
of water or cement; 
2) Immediately the water and cement are brought into contact, start the 
mixer while starting the timing of the mixing stages. After 30 s of mixing, 
add the sand steadily during the next 30 s and continue the mixing for an 
additional 3 min. (original 30 s); 
3) Stop the mixer for 90 s. During the first 30 s, remove the mortar adhering 
to the wall, mixer blades and bottom corner part of the mixer and place in 
the middle of the bowl, and hand mixing for 30 s; 
4) Continue the mixing for another 3 min. (original 30 s); 
5) The total mixing time is around 10 min. 
 
Mixing Fly ash concrete/mortar 
In the BS EN 450-1:2012, it mentions a fly ash mortar mixing procedure in B.5. 
It is required that the mixing procedure described in BS EN 196-1:2005, 6.2 can 
be used.  The similar procedure can also be found from American standard 
C311/C311M-13 sampling and testing fly ash or Natural Pozzolans for use in 
Portland-cement Concrete and C305-12 mechanical mixing of hydraulic cement 
pastes and mortar of plastic consistency. The mixing procedure was followed as 
plain mortar, except in step one: put cement and fly ash together into the mixer, 
then the rest of the procedure is the same. 
 
Mixing GGBS concrete/mortar 
In the BS EN 15167-1:2006 Ground granulated blast furnace slag for use in 
concrete, mortar and grout part 1, it also mentions the mixing of GGBS when 
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combined with the cement can also follow the standard BS EN 196-1:2005, 6.2. 
It was used as the replacement to the cement the same as FA added mortar. 
Hence the same mixing procedure was employed as the mixing of FA added 
mortar. In the step one, put GGBS with cement together in the mixer instead of 
FA. Then the rest of the mixing procedure is the same.  
 
Mixing Silica fume concrete/mortar  
From the document of the silica fume association “making silica fume concrete 
in the laboratory”, it points out that the recommended mixing times of concrete 
from standard ASTM C192 / C192M - 12a are not long enough for making the 
concrete with silica fume, as there is no time to break down the agglomerations 
and to disperse the silica fume. In ASTM C192, “Standard Practice for Making 
and Curing Concrete Test Specimens in the laboratory” mentions “after all 
ingredients are in the mixer, for 3 min. mixing followed by a 3 min. rest, followed 
by a 2 min. final mixing.” (The detailed mixing procedure from ASTM C192 and 
document from SFA can be referred to Appendix III. British Standard BS 1881-
125:2013 “Testing concrete -- Methods for mixing and sampling fresh concrete 
in the laboratory” which is similar to the ASTM C192 can be also referred and 
compared in Appendix III. Hence based on the plain mortar mixing procedure 
and the suggested long time mixing from the document of the silica fume 
association are adopted, the mixing time was extended to 10min from the 
original 4 min. long (BS EN 196-1:2005 6.2). This extended time is based on the 
equipment and performance results. In order to compare the mixtures at an 
equal condition, all the other types of mortar were also mixed in 10 min. long.   
Hence the same mixing procedure was employed as the mixing of FA added 
mortar. In the step one, put Silica fume with cement together in the mixer 
instead of FA. Then the rest of the mixing procedure is the same. 
 
Mixing superplasticizer added mortar 
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The standard BS EN 934-2:2009 +A1:2012 “concrete admixtures” was 
employed, due to the BS EN 934-3:2009+A1:2012 only covers the admixtures 
of long term retarding and air entraining/plasticising. Refer to standard BS EN 
934-2:2009 +A1:2012, “Table 3.1 at equal consistence”, the reference 
concrete/mortar can comply with testing standard BS EN 480-1:2006+A1:2011 
(The detailed mixing procedure of admixture added concrete/mortar can be 
referred to Appendix III). The suggested total mixing time is 3 min 30 s. Due to 
the reason mentioned in section of mixing silica fume concrete/mortar. The 
previously used mixing procedure was still followed, except in step one: add all 
the water (plus admixture in the water) and cement together into the mixer with 
cement together, then the rest of the procedure is the same. Mixing water and 
admixture together is following the standard BS EN 480-1:2006+A1:2011. 
      
4.5.2 Experimental programme II: 
Mixing Fly ash concrete/mortar 
The same procedure was followed as mixing fly ash concrete/mortar in 
experimental programme I.  
 
4.6 Casting 
 Sample sizes were cast as per the relevant Standard (Table 19). Nine 
specimens for each mix were cast. Three specimens (BS EN 1015-11:1999; BS 
EN 12390-3:2009) were used for each tested property, and a mean of the 
values was taken. The moulds used are shown in Figure 24.  In experimental 
programme I, 20 mix designs were investigated. Hence 180 specimens were 
cast in total. In experimental programme II, 31 mix designs were cast (3 mixes 
were out of workability out of 34 total mix designs) and 279 specimens were 
tested in total. An example of mix 46 is given in Figure 25.  
Casting was based on BS EN 12390-2 (2009): 
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1) Mould setup. Paste release oil on the surface of the edge and inside of 
the mould;  
2) Aggregate set up, weigh the aggregate; 
3) Mixing (Section 4.5); 
4) Pour ready mixes into moulds in 3 layers. The first layer was half of the 
mould, then half of the rest and then finish to 10% above the height of 
the test specimen; 
5) Compaction of the concrete via a vibration table immediately after 
placing into the moulds. All the specimens were vibrated for 1 minute for 
each layer at speed 3/10. This produced full compaction of the concrete 
with neither excessive segregation nor laitance;  
6) Float the concrete/mortar; 
7) Clean the equipment. 
 
 
Figure 24 Moulds for casting (more details can be referred to Table 19) 
 
4
1
8
′′
× 9′′ 
(101.6 × 228.6 mm) 
40 × 40 × 160 mm 
100 × 100 mm 
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                                (a)                                                           (b)                
   
                                (c)                                                           (d) 
Figure 25 Example of casting specimens of mix 46 (a) mixing; (b) and (c) smooth 
surface after floating; (d) demoulded specimens ready for curing. 
 
4.7 Curing 
Curing of concrete/mortar was conformed to BS EN 12390-2:2009. The cubes, 
cylinders and prisms were covered with plastic sheet and stored inside the lab 
at a room temperature of (20±5) °C. After about 24 hours, all the specimens 
were de-moulded, labelled and cured in water at 21°C until testing.   
 
4.8 Workability measurement 
The slump test was used to measure the consistency of the mix to BS EN 
12350-2:2009. An example of slump test of mix 39 and 45 is shown in Figure 26.   
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                                             (a)                                           (b) 
Figure 26 Example of slump test (a) mix 39 (b) mix 45 
 
4.9 Physical and mechanical testing   
4.9.1 Density 
This property is simply calculated by using the values determined for the mass 
of a specimen and the volume according to BS EN 12390-7:2009: 
 𝜌 =
𝑚
𝑉
 (55) 
Where 
 𝜌 -- is the density of the specimen, kg/m3; 
 𝑚 -- is the mass of the specimen at the time of test, kg; 
𝑉 -- is the volume determined by calculation using actual measurements made 
on the specimen in accordance with EN12390-1, m3, rounded to four significant 
figures. 
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4.9.2 Hardness 
As listed in Table 5, hardness is also considered as one of the most significant 
mechanical properties related to the characteristics of acoustic properties of 
resonance board material. Hardness is a measure of how resistant solid 
material is to various kinds of permanent shape change when a force is applied. 
It is an integrated indicator of mechanical properties, depending on ductility, 
elastic stiffness, plasticity, strain, strength and toughness etc. (Jr and 
Rethwisch, 2013). Hence its value is also used to evaluate the above 
mentioned properties, especially regards ductility, elastic stiffness, strength etc. 
in the concrete field (Al-Ameeri et al., 2013; Brozovsky and Bodnarova, 2016; 
Jain et al., 2013; Kim and Milstein, 1987; Rushing et al., 2012).  
The Schmidt rebound hammer is typically used in the concrete field to measure 
hardness values.  However, due to this test only measuring the properties of the 
surface zone of the concrete, to a depth of about 25 -30 mm (Domone and 
Illston, 2010), it is important to investigate whether this value can be used to 
evaluate the same relationship with acoustic properties as other mechanical 
properties, such as strength or elastic modulus etc..  
The Schmidt rebound hammer is used by striking a steel plunger in contact with 
the concrete surface and measuring the rebound distance of the steel hammer 
from the steel plunger on a linear scale attached to the frame of the instrument 
(Figure 27). The reading therefore reflects the relative hardness of the different 
surfaces. This test was performed on the cubes. A reliable estimate of the 
rebound number for a test area is a minimum of nine readings (BS EN 12504-
2:2001). Hence the specimen was tested 3 times on 4 sides, totalling 12 
readings. 
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Figure 27 Schmidt rebound Hammer 
 
4.9.3 Compressive strength 
The sample conditions of compressive strength testing is meeting the 
requirements of BS EN 12350-1. 3 100mm3 cubes, were tested at 28 days, and 
an average of the three specimens taken. They are tested in compliance with 
BS EN 12390-3:2009 using a Controls Compressive Testing machine, MCC8 
(multifunctional control console) (Figure 28), with a loading rate of 0.6 N/mm2 ∙ s 
(360 kN/min).  
   
Figure 28 Control Compressive Testing Machine 
 
The compressive strength is given by the equation (EN12350-1): 
Testing 
area 
Specimen 
Computer 
control 
MCC8 
Console 
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𝑓𝑐 =
𝐹
𝐴𝑐
 (56) 
Where 
𝑓𝑐 -- is the compressive strength,  MPa (N/mm
2); 
𝐹 -- is the maximum load at failure, N; 
𝐴𝑐  -- is the cross-sectional area of the specimen on which the compressive 
force acts, measured from the designated size of the specimen (see EN 12390-
1).  
 
4.9.4 Static modulus of elasticity  
The static modulus of elasticity of concrete was determined in accordance with 
BS 1881-121:1983, and the same control compression testing machine was 
used (Figure 28). 
 
Figure 29 Static modulus of elasticity test specimen, showing inductive transducers 
arrangement on the specimens  
 
                                                                                             
136 
 
Methodology  
The static modulus of elasticity in compression is defined as the secant 
modulus, slope of its stress-strain curve in the elastic deformation region (BS 
1881-121:1983): 
 𝐸𝑐 = ∆𝜎 ∆𝜀⁄  (57) 
Where: 
𝐸𝑐 – is the static modulus of elasticity in compression, GPa; 
∆𝜎  and ∆𝜀  -- are the difference in stress and strain respectively. These 
differences are recorded between a basic loading level of 0.5 N/mm2 and an 
upper loading level of one-third of the compressive strength of the concrete. 
The loading rate of 0.2 N/mm2 ∙ s  (from 0.6 ± 0.4 N/mm2 ∙ s  in BS 1881-
121:1983) was chosen to satisfy the minimum strength of all specimens (BS 
1881-121:1983).   
It was necessary to ensure the specimen surface in contact with the platen of 
the compression test machine, is smooth and clean, otherwise stress 
concentrations can be introduced and the apparent strength of the concrete 
greatly reduced. Capping of the cylinder is therefore required before testing, to 
make the top (floated) surface of the specimen as smooth as possible (Figure 
30). High strength dental plaster was used as the capping material. 
The specimen was a 4
1
8
′′
× 9′′ ( 101.6mm × 228.6mm ) cylinder. 3 Electronic 
universal compressometers-extensometers were used (Figure 29) for axial 
deformation measurement, attached to the specimen by a pair of elastic bands, 
supplied as standard. They were connected to MCC8 (multifunctional control 
console) which can provide cyclic loading and automatic determination, as well 
as store the data. An example of the accuracy of this testing which can be 
plotted by the data is shown in Figure 32. The deviation of strain at upper 
loading level is required to be within 10%, otherwise the testing needs to be 
repeated until it satisfies this requirement (BS 1881-121:1983). Also, the 
suggested loading cycles used to calculate the static modulus of elasticity in 
compression 𝐸𝑐 can give the relationship of stress and strain shown in Figure 
31.    
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Figure 30 Capping of specimen 
 
 
 
Figure 31 Example of stress strain relationship for Mix-37-2 
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Figure 32 Stain deviation/loading and time diagram Mix-37-2 
 
4.9.5 Flexural strength and flexural modulus 
 
Flexural strength 
The flexural strength was measured in accordance with BS EN 1015-11:1999. 3 
40×40×160 mm specimens at 28 days were tested per mix. The flexural rig of 
the INSTRON machine (model 5500R 6025, Figure 34) was used, which also 
conforms to BS EN 1015-11:1999. This rig was configured for one point loading 
flexure (three-point flexure) (Figure 33, Figure 35). Bluehill2 software was used.  
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Figure 33 One point loading arrangement for flexural strength test (BS EN 1015-
11:1999) 
 
The loading rate was 10 N/s as per the standard and each specimen was tested 
to failure. The flexual strength was calculated from the formula provided in the 
standard shown in Eq. (58): 
 
𝑓𝑏𝑒𝑛𝑑 =
3𝐹𝐿
2𝑏𝑑2
 (58) 
Where 
𝑓𝑏𝑒𝑛𝑑  -- is the stress in outer fibers at midpoint, or flexural strength, MPa or 
N/mm2; 
𝐹 -- is the load (force) at the fracture point, N; 
𝐿𝑠 -- is the length of the support span, 100 ± 0.5 (mm), see Figure 33; 
𝑏𝑠 -- is width, 40 mm; 
𝑑 -- is thickness (depth), 40 mm, see Figure 33.  
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Figure 34 INSTRON flexural strength testing machine 
 
 
Figure 35 Nose and supports for flexural strength/modulus testing 
 
 
Flexural modulus 
Flexural modulus was measured by using the same test equipment, control 
software and specimens as for flexural strength. In this test, extensometer was 
not used during the test. The modulus of flexure was calculated based on the 
adjusted extension readouts automatically obtained from the Bluehill2 software. 
Manual 
Controller 
Work Area 
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In accordance with the recommendations given in C580-02, the flexural 
modulus of elasticity can be calculated based on these stress strain data 
(adjusted extension readouts) collected by the flexural strength test. However, 
the sample mixes did not exhibit high enough elasticity. Hence, only the tangent 
flexural modulus can be calculated, except the secant modulus of elasticity 
mentioned in the note under Figure 36. The tangent modulus of elasticity is the 
ratio, within the elastic limit, of stress at any point along the line BD (or its 
extension) to its corresponding strain exhibited in Figure 36. It is calculated by 
drawing a tangent line to the steepest initial portion of the load-deformation 
curve and calculating as follows (C580-02): 
 𝐸𝑏𝑒𝑛𝑑 = 𝐿
3𝑀1/4𝑏𝑑
3 (59) 
Where 
𝐸𝑏𝑒𝑛𝑑 -- Tangent modulus of elasticity in bending, MPa; 
𝐿 – Span, mm; 
𝑏𝑠 -- Width of beam, tested mm; 
𝑑 -- Depth of beam, tested mm; 
𝑀1 -- Slope of the tangent to the initial straight-line portion of the load-deflection 
curve, N/mm.  
 
Figure 36 Stress-strain curve (Hookean (linear) region) (C580-02) 
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Note: In Figure 36, the secant modulus of elasticity can be determined by dividing the stress at 
any point along the line BE (or its extension) by the strain at the same point (measured from 
point B, defined as zero-strain). The deflection (strain) BG is one-half of the corrected maximum 
strain BH (C580-02). The detailed calculation of Es (secant flexural modulus of elasticity) can be 
referred to the standard C580-02.   
One example of calculating the flexural modulus can be found in Appendix IV. 
 
4.9.6 Dynamic modulus 
The dynamic modulus of elasticity of concrete was determined in accordance 
with ASTM C215-08. The specimen sizes were 40 × 40 × 160 mm with an 
average of 3 specimens taken.  
A Controls Ltd. 58-E0035/C resonance frequency meter was used. Although it 
aims to measure the fundamental frequency of a concrete prism in the direction 
of longitudinal, torsional and flexural, the meter can still directly calculate the 
dynamic modulus under three directions based upon the measured fundamental 
frequencies (3 directions). The detailed equipment set up is mentioned in 4.10.2 
(Figure 39). Calculating the dynamic modulus was based upon ASTM C215-08. 
The equations are listed in Eq. (60), (61) and (62):    
 𝐸𝑡𝑟 = 𝐶′𝑚𝑓0
2
 (60) 
Where 
𝐸𝑡𝑟 – is dynamic modulus of elasticity in transversal direction, Pa; 
𝑚 – is mass of specimen, kg; 
𝐿 -- is the length of the specimen, m; 
𝐶’ -- 0.9464(𝐿3𝑇′/𝑏𝑑3), m−1 for a prism; 
𝑑, 𝑏𝑠  – are the dimensions of cross section of prism, m, 𝑑  is thickness, 𝑏  is 
width; 
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𝑓0 -- is the fundamental frequency in the transverse mode of vibration of the 
specimen, in Hz, and  
𝑇′ -- is a correction factor that depends on the ratio of the radius of gyration, K 
(the radius of gyration for a prism is t/3.464 ) 
 𝐸𝑙 = 𝐷𝑚(𝑓0
′)2 (61) 
Where 
𝐸𝑙 -- is dynamic modulus of elasticity in longitudinal direction, Pa; 
𝑚 – is mass of specimen, kg; 
𝑓0
′
 -- is fundamental longitudinal frequency, Hz, and 
D -- 4(L/bt), m−1 for a prism.  
        Other parameters can be referred to Eq. (60) 
 𝐺𝑡𝑜 = 𝐵𝑚(𝑓0
′′)2 (62) 
Where 
Gto – is dynamic modulus of rigidity, Pa; 
𝑚 – is the mass of specimen, kg; 
𝑓0
′′
 -- is fundamental torsional frequency, Hz, and 
𝐵 – is (4𝐿𝑅′/𝐴𝑐), m
−1; 
𝑅′ -- is shape factor, (𝑎 𝑏⁄ + 𝑏 𝑎⁄ )/[4 𝑎 𝑏⁄ − 2.52(𝑎 𝑏⁄ )2 + 0.21(𝑎 𝑏)⁄
6
]  for a 
rectangular prism whose cross-sectional dimensions are 𝑎 and 𝑏, m, with  𝑎 less 
than 𝑏, and  
𝐴𝑐 – is cross-sectional area of test specimen, m
2.   
        Other parameters can be referred to Eq. (60). 
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4.10 Acoustic properties testing 
4.10.1 Speed of sound 
The speed of sound was measured conforming to BS EN 12504-4 (2004). 3 
100 × 100 × 100mm cubes were tested on two opposite sides (from left to right) 
at 5 locations (where the transducer is), at frequencies of 24 kHz, 54 kHz and 
500 kHz. This can be referred to  
Figure 38. Before these final testing locations were decided, more locations 
were initially tested and statistically analysed, such as front-to-back results 
compared with left-to-right results; the variance between the results from 
different locations on one side and same location measured under different 
frequencies. The detailed analysis on how to select these testing locations and 
conditions are described in Appendix V.  
The Proceq PUNDIT lab plus, ultrasonic pulse velocity (UPV) tester, was used 
conforming to BS EN 12504-4:2004 (Figure 37). Small amounts of silicone 
grease were used to couple between the transducer and the specimen. The 
transducer used was 54 kHz. The calibration rod was used each time when the 
frequency was changed, the calibration value is 25.4 μs for the two transducers 
coupling to the calibration rod. Transmitting frequency and receiving frequency 
are set to 24 kHz, 54 kHz and 500 kHz.  
  
 
Figure 37 PUNDIT Ultrasonic Pulse Velocity Test Set 
Transducers 
100mm cube 
Calibration 
rod 
Instrument 
Cable connecting 
instrument and 
transducers 
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Figure 38 Testing points on the specimens  
 
The general principle of using this equipment is that a pulse of longitudinal 
vibrations is produced by an electro-acoustical transducer held in contact with 
one surface of the concrete under test. After traversing a known path length 
(100 mm this case) in the concrete, the pulse of vibrations is converted into an 
electrical signal by a second transducer and electronic timing circuits enable the 
transit time of the pulse to be measured  (BS EN 12504-4:2004) .  
For direct transmissions the pulse velocity can be calculated from Eq. (63): 
 
𝑣 =
𝐿
𝑇
 (63) 
Where 
𝑣 -- is the pulse velocity, km/s; 
𝐿 -- is the path length, mm; 
𝑇 -- is the time taken by the pulse to transverse the length, μs.  
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4.10.2 Natural frequency 
Natural frequencies at three different directions were measured on three 40 ×
40 × 160 mm concrete prisms, the same as for the testing of dynamic modulus, 
according to (ASTM C215 - 08). During the test, the specimen is placed on a 
support pad covered with expanded polyurethane foam (sponge). Hence it can 
be regarded as a free-free beam under three directions vibrating; the structure 
underneath of the support can also be isolated from the specimen above. 
The resonance frequency meter, model 58-E0035/C, from Controls Ltd. was 
used to measure the fundamental frequency of a concrete prism in the direction 
of longitudinal, torsional and flexural. The set-up is exhibited in Figure 39.  
In Figure 39 (a), the thread screws are stick onto the specimen by Epoxy resin 
or superglue at the specific position required by the instrument after inserting 
the basic information of specimens: length, width, height and mass. Then the 
accelerometer can be screwed onto the thread screw with one end and connect 
with main analyser by the cable provided shown in Figure 39 (b), (c) and (d). 
The impactor, as a part of this impact resonance apparatus, was an diameter of 
11mm solid steel ball mounted on a thin rod to act as a hammer which is 
capable of exciting resonant frequency up to about 100 kHz (The equipment 
supplied 5 solid steel balls with different sizes. The size of the impactor was 
tried and explored to find the spectrum with only one highest peak in each test. 
The bigger size steel ball up to 19 mm  will reduce the maximum resonant 
frequencies that can be excited and somehow generated a few highest peaks.). 
Once the set up got ready, set the resonance frequency meter to a sampling 
rate of 20 kHz (it is at least twice the resonant frequency of the specimen). After 
striking the specimen, the fundamental frequency can be easily identified as is 
represented by the highest peak on the spectrum graphic, as seen in Figure 40. 
In the figure, abscissa values represent the frequency and ordinate represents 
the amplitude of the wave (Controls, 2012). Each test was repeated 3 times for 
an average value. After 3 types of frequencies determined and recorded, 
resonant frequency meter can simply give the results summary with Elastic 
modulus in 3 directions, transversal, longitudinal and torsional, which needed in 
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Section 4.9.6 dynamic modulus. The detailed procedure of implementing this 
test was followed by the control instruction manual of C311-R (Controls, 2012).   
         
                                  (a)                                                          (b) 
         
                                  (c)                                                           (d) 
Figure 39 Locations of impact and accelerometer (a) Thread screws set up where the 
accelerometer positioned (b) Transversal Mode (c) Longitudinal Mode (d) Torsional 
Mode   
 
Accelerometer 
Sponge support 
𝟒𝟎 × 𝟒𝟎 × 𝟏𝟔𝟎𝒎𝒎 
Sample 
Excitation 
sphere  
Instrument  
Thread screws 
to fix the 
accelerometer 
support 
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Figure 40 Highest peak (Controls, 2012) 
  
4.10.3 Vibration damping  
Quality factor Q is used to measure the damping effect of the specimens and it 
is the reciprocal of the vibration damping value tan 𝛿. Quality factor Q can be 
achieved experimentally by using the half-power bandwidth method. The 
resonant frequency meter is used to measure the transversal resonant 
frequency within 4000 Hz to 6000 Hz Hz, from concrete specimens 40mm  ×
 40mm × 160, according to the standard test methods ASTM C215 and ASTM 
E756 - 05 (2010). Then Q can be calculated from knowledge of the fundamental 
resonant frequency and the frequencies on either side of the resonant 
frequency where the amplitude of vibration drops to 70.7% of the maximum 
amplitude, see Figure 41: 
 
Figure 41 Typical Curve of Amplitude of Vibration with Frequency 
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The Q value can be calculated from the bandwidth method as follows (Rao, 
2010): 
 
𝑄 =
𝑓n
𝑓2 − 𝑓1
 (64) 
Where 
𝑄 -- is the quality factor, Q−1 = tanδ = 𝜂 = 2𝜁 (see Eq.(8), Eq.(32) and Eq.(33)); 
𝑓𝑛 -- is the natural frequency, Hz; 
𝑓2 -- is the upper frequency where the amplitude of vibration drops to 70.7% of 
the maximum amplitude, Hz; 
𝑓1 -- is the lower frequency where the amplitude of vibration drops to 70.7% of 
the maximum amplitude, Hz. 
Note: In this project, the natural frequency used for calculating the damping 
ratio was transversal resonant frequency only. 
 
4.11 Optimization method  
In the literature review, it has been mentioned that there are many different 
methods to perform the same function to optimize the properties of concrete, 
such as numerical optimization modelling method, multi-factors experiment 
design (statistical strategy) or traditional trial and error “one factor at a time” 
method (Muthukumar and Mohan, 2004; Simon et al., 1997).  
In the data analysis, two methods were adopted jointly. At the early stage, the 
relationships between mix design and physical/mechanical properties, mix 
design and acoustic properties and physical/mechanical and acoustic properties 
can be built up by applying the one factor at a time method. This will be 
presented in the Chapter 5 and Chapter 6. At last, based on the conclusions 
from the early stage, numerical optimization modelling can be employed. 
Through the relationship between mix design and physical properties, physical 
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properties and acoustic properties, then the mathematical model between 
acoustic properties and mix design can be developed. The optimization method 
used was least square optimization method which is performed by using “solver 
function” from software Microsoft Excel; the required numerical value (within the 
ranges of each parameter used in this project) of acoustic properties (speed of 
sound, damping ratio) of this research can be directly derived and designed 
through the established fitting equation by changing the parameters of mixture 
design. This will be presented in Chapter 7. Some background knowledge and 
example about numerical optimization modelling has been mentioned in the 
literature review. 
 
4.12 Summary 
In order to meet the main objective of this research, “explore the acoustic 
properties of cementitious materials, and to investigate their potential for 
musical manufacture”, the detailed methodology has been developed in this 
chapter. This can be summarized in the following outline: 
 Based on the literature review, the general outline of methodology is 
discussed in the experiment scenarios. 
 For the experiment design, it includes a detailed description of how to 
design a material, have it fabricated and tested. This procedure is: 
selection of constituents, calculate mixing proportions, fabricate 
specimens in the lab (mixing procedure, casting, curing, workability 
measurement), selection of testing equipment and the procedure of 
testing. 
 Least square optimization method is used and simply mentioned. More 
detailed information can be referred to Section 3.3.  Solver function from 
software Microsoft Excel is used to perform this optimization method.     
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Chapter 5  EXPERIMENTAL 
PROGRAMME I: PRELIMINARY 
 
 
5.1 Introduction 
Experimental programme I as a preliminary test was used to familiarise with the 
testing equipment and experiment procedure, and to make the investigation on 
more constituents/parameters (cementitious material, w/b ratio etc.), selected 
from the conclusion of the literature review, to investigate which affect the 
physical/mechanical and acoustic properties the most and also to explore 
workability ranges of mixes. This chapter reports the results of the 
physical/mechanical properties and acoustic properties of selected constituents 
of the concrete mixes presented in Chapter 4. Plain mortar was used initially 
due to its basic cementitious material cement with sand and water; this also can 
be regarded as the control sample for the future mix design when other 
constituents, such as additives and admixtures, are included. Hence, the effect 
of other constituents on the acoustic properties of the material can be compared 
and determined based upon the one factor at a time method. One example of 
the mix design for the plain mortar is included in the Appendix I.  
In the experimental programme I, the following parameters were investigated 
regarding the effect on the physical/mechanical and acoustic properties: sand 
grading, w/c ratio, FA additive, GGBS additive, SF additive and superplasticizer. 
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Investigation of the physical/mechanical properties focused on the compressive 
strength, density, hardness, flexural strength, flexural modulus, elastic modulus 
and dynamic modulus. The acoustic properties investigated were resonant 
frequency, speed of sound and vibration damping.   
The final conclusion of this chapter will focus on selecting one additive which 
affect the acoustic properties the most, from the point of view as a material for 
constructing a sound board.  
 
5.2 Bulk density and specific surface area 
The bulk density and specific surface area of the material are presented in 
Table 32 and Table 33 respectively. They are useful to compare with one 
another, which can help to understand the reason regarding some of the 
experimental results.  
Table 32 Bulk density  
 Cement Fly ash GGBS Silica fume Sand 
Bulk 
density 
(kg/m3) 
1400 800 1250 300 1720 
 
Table 33 Specific surface area of cementitious materials 
 Cement Fly ash GGBS Silica fume 
Specific 
surface area  
(m2/kg) 
400 560 500 25000 
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5.3 Test results 
In order to understand the results more easily, the parameters and mix design 
No. are presented here again within one table (Table 34). Regarding the 
different parameters, several mixes with corresponding parameters changed 
are one independent test. For example, Mix 1, Mix 2 and Mix 3 are formed into 
one group independently with other mixes and are used to examine the effect of 
the “sand grading effect” on the acoustic properties and related 
physical/mechanical properties. 
The physical/mechanical properties tested in the preliminary test include slump, 
density, hardness, compressive strength, flexural strength, flexural modulus and 
dynamic modulus. These properties tested from mortars with different target 
parameters are listed in Table 35. All the values are the average of three 
measurements. Complete data are shown in Appendix VI. 
The acoustic properties results including speed of sound, fundamental resonant 
frequency and damping Q factor tested in preliminary test are presented in 
Table 36.   
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Table 34 Summary of target tested parameters and their mix designs 
Target tested 
Parameter 
Mix No. Changes in mix 
Sand grading effect 
1 4mm -500μm, coarser gap graded sand 
2 <500μm, finer gap graded sand 
3 <4mm, continuous graded sand 
w/c ratio effect 
3 w/c=0.5 
4 w/c=0.35 
5 w/c=0.4 
6 w/c=0.6 
Fly ash effect 
3 FA = 0% 
7 FA = 15% 
8 FA = 30% 
9 FA = 45% 
10 FA = 60% 
GGBS effect 
3 GGBS = 0% 
11 GGBS = 15% 
12 GGBS = 30% 
13 GGBS = 45% 
14 GGBS = 60% 
Silica fume effect 
3 SF = 0% 
15 SF = 5% 
16 SF = 10% 
17 SF = 15% 
Superplasticizer effect 
3 SP = 0% 
18 SP = 0.2% 
19 SP = 0.4% 
20 SP = 0.6% 
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Table 35 Physical/mechanical properties of different mortar mixes (Preliminary) 
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Table 36 Acoustic properties of different mortar mixes (Preliminary) 
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5.4 Physical/mechanical properties of mortar with 
different proportions of constituents/additions  
This section examines the effect of the constituents and parameters mentioned 
in the introduction on the physical/mechanical properties; their relationship will 
be presented and discussed. The results can also be related to the effect of 
these constituents on the acoustic properties.    
 
5.4.1 Sand grading 
The three sizes of sand used to produce different graded sand mortar mixtures 
were: 
 Mix 1 (passing 4 mm and retained on 500 μm of natural zone 2 sand,  
 Mix 2 (passing 500 μm of natural zone 2 sand), and  
 Mix 3 (passing 4mm natural zone 2 sand).  
These three mixes were all made with the same aggregate/cement ratio (3/1) 
and water/cement ratio (1/2). The division between coarseness and fineness of 
fine aggregate (passing 4 mm) is based primarily on the percentage passing 
500 μm sieve (BS EN 12620:2013). Hence the sand used in Mix 2 is finer than 
the sand used in Mix 1. Both of them are considered as gap-graded sand. While 
the sand used in Mix 3 is considered as continuously graded natural fine sand. 
In this section, the influence of different graded sand on the following physical 
/mechanical properties is discussed.    
 Density 
The results of density were determined from the average of 3 specimens of 
cubes, 3 specimens of prisms and 3 specimens of cylinders. The relationship 
between sand grading and density is presented in Figure 42. It exhibits that Mix 
1 gap-graded coarser sand (500 μm – 4 mm) possess the highest densities 
amongst the three types of mixes. This might be explained that although Mix 1 
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was made up by the gap graded coarser sand, the size of the 500 μm sand 
seemed enough to fill the voids created by other sizes of sand up to 4 mm. Mix 
1 has the highest bulk density. If comparing Mix 3 with Mix 2, although Mix 3 
was made up with the continuous graded sand, more cement was needed to 
cover the finer sand in this mix, which Mix 1 did not have. As described before, 
that the compacted bulk density of cement is lower than the bulk density of sand 
at the same volume. Hence Mix 3 - with more cement content - is lighter than 
Mix 1. For the same reason, more cement content was needed for the gap-
graded finer sand (< 500 μm) Mix 2 due to their larger surface area. Hence Mix 
2 is lighter than Mix 3.  
 
Figure 42 Grading effect on Density 
 
 
Figure 43 Grading effect on Hardness 
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 Hardness 
From the data in Figure 43, the grading effect to the hardness shows the 
same trend as to the compressive strength. The coarser gap-graded sand 
Mix 1 shows the highest hardness value. 
 Compressive strength 
Figure 44 depicts the influence of different sand grading on compressive 
strength. It can be observed that the Mix 1 gap-graded coarser sand (500 μm – 
4 mm) has a higher compressive strength than the Mix 2 gap-graded finer sand 
(< 500 μm) and the Mix 3 continuously graded natural sand (< 4 mm). The 
difference between the value of Mix 1 compared with Mix 2 and Mix 3 are 14% 
and 30% respectively, which is notable.   
These results reveal that increasing the content of particles smaller than 500 
μm results in a decrease in the compressive strength of concrete. This result 
seems consistent with another result concluded by Teychenné (1978) who used 
150 μm as the division line. 
It is also observed that the workability (slump value) of Mix 1 is much higher 
than that of a continuously graded Mix 3 and gap-graded finer Mix 2 (see Table 
35). However, Mix 1 is having the highest compressive strength compared with 
the other two mixes. The outcome of workability might be explained by the test 
results from Shacklock who has shown that “for a given aggregate/cement ratio 
and water/cement ratio, a higher workability is obtained with a lower fine 
aggregate content in the case of gap-graded aggregate than when continuously 
graded aggregate is used” (Shacklock, 1959). Hence the workability of Mix 3 is 
lower than Mix 1, and Mix 2 is even lower than Mix 3. The reason of Mix 2 
having lowest compressive strength among them might be that large quantity of 
gap-graded finer sand can cause segregation and exhibit lower consistency, 
hence reduce the compressive strength. While gap – graded coarser sand 
exhibit the better filling and right percentage of finer sand to have the higher 
compressive strength than continuously graded sand mix 3. This can be verified 
from Neville (2011) that “both gap-graded and continuously graded aggregate 
can be used to make good concrete, but in each case the right percentage of 
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fine aggregate has to be chosen” and “we should not aim at any ideal grading 
but find the best combination of the available aggregate.”  
 
Figure 44 Grading effect on compressive strength 
         
 Static modulus of elasticity 
As Figure 45 shows, there is not a big difference between the elastic modulus of 
Mix 1 and Mix 3. However, the coarser gap-graded sand Mix 1 still exhibits 5 
MPa higher than the finer gap-graded sand Mix 2.    
 
Figure 45 Grading effect on elastic modulus 
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value of Mix 1 compared with Mix 2 and Mix 3 are 4% and 10% respectively for 
the flexural strength, and 5% and 9% respectively for the flexural modulus. 
 
Figure 46 Grading effect on flexural strength and flexural modulus 
 
 
 Dynamic modulus 
The difference in dynamic modulus from the influence of grading is not 
substantial. Still, the value of dynamic modulus of the coarse gap-graded sand 
Mix 1 represents a higher value than that of Mix 2 and Mix 3, as indicated in 
Figure 47. The difference is not surpassing 4 GPa in transversal direction, 5 GPa 
in longitudinal direction and 2 GPa in Torsional direction.  
 
Figure 47 Grading effect on Dynamic Modulus 
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5.4.2 Water/cement ratio 
The effects of w/c ratio on the physical properties of concrete/mortar have been 
widely investigated in the concrete area. In this research, the results of its effect 
are used to build the relationship with its effects on acoustic properties.  
As can be expected, the physical/mechanical properties are influenced by w/c 
ratio. It is clearly shown in Figure 48 that the density, hardness value, 
compressive strength, the flexural strength, flexural modulus and dynamic 
modulus all decrease with an increase, from 0.4 to 0.6, in the water content. 
However, the degree of decrease among them is different. For example, the w/c 
ratio has a significant effect on the compressive strength, which is decreased 
from 54.08 MPa (w/c = 0.4) to 33.62 MPa (w/c = 0.6), a reduction of 38%. 
Similarly, hardness with a reduction of 45%, 20% for elastic modulus, 13% for 
flexural strength, 9% for flexural modulus and 26% for dynamic modulus in 
longitudinal direction and 22% in torsional direction. While, only the w/c ratio 
effect on the density seems not very significant, with a decrease of 38 kg/m3 for 
density, approximately 2% of reduction. This can be easily explained as the 
density is decreased with the decreasing cement content with the w/c ratio 
increased. It is apparent that the effect of water/cement ratio to most of the 
above properties is significant.      
In the experiment, there was also Mix 4, where the w/c ratio was 0.35.  However, 
due to its low w/c ratio leading to it out of workability, its corresponding 
properties values are not included.  
Moreover, it can also be observed that the results for the elastic modulus, 
hardness, and flexural strength and flexural modulus, and dynamic modulus 
when compared with the compressive strength, all show a similar trend. 
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                                 (a)                                                                  (b)    
  
                                 (c)                                                                   (d) 
  
                                 (e)                                                                   (f) 
Figure 48 Water/cement ratio effect on physical/mechanical properties (a) Density, (b) 
Hardness, (c) Compressive strength, (d) Elastic modulus, (e) Flexural strength/modulus 
and (f) Dynamic modulus  
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5.4.3 Fly ash (FA) 
In this section, the influence on the physical/mechanical properties from the fly 
ash are discussed. All these specimens were tested at 28 days. It is clearly 
shown in Figure 49 that the hardness value, compressive strength, elastic 
modulus, flexural strength, flexural modulus and dynamic modulus in different 
directions all decreased with an increase in the FA content. All these properties 
of the FA-mortar show a lower value than the value for plain mortar. These 
trends are due to its inherent slow hydration rate (Khan, 2012; Neville, 2011). 
Hence with a higher replacement level of FA, a higher reduction in these 
properties. All these reductions are significant. This may be because the bulk 
density of FA, 800kg/m3, is lower than bulk density of cement, 1400 kg/m3, at 
the same volume, and also FA-mortar has a higher workability than the plain 
mortar when the water content is the same.      
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                                 (a)                                                                (b) 
 
                                 (c)                                                                (d)          
 
                                 (e)                                                                (f)                      
Figure 49 Fly ash effect on physical/mechanical properties (a) Density, (b) Hardness, 
(c) Compressive strength, (d) Elastic modulus, (e) Flexual strength/modulus and (f) 
Dynamic modulus  
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5.4.4 Silica fume (SF) 
When silica fume (SF) is added to paste/mortar/concrete, it is typically used with 
superplasticizer in order to increase the compressive strength (Çakır and 
Sofyanlı, 2015; Zain et al., 2000). The presence of SF in this mix design is 
slightly different to other previous published literature. As it was designed 
mainly for investigating the direct effect of SF to the physical/mechanical 
properties which are related to the acoustic properties. The w/c ratio was kept 
constant and SF was added as an additive of percentage of cement weight 
rather than to enable the replacement of cement, also no superplasticizer was 
used. All the specimens were tested at 28 days.  
The results of SF effect on the physical/mechanical properties are shown in 
Figure 50. According to the results, the addition of SF to concrete mixes leads 
to a significant increase of the compressive strength, as expected  with w/c ratio 
keeping constant and no superplasticizer (Singh and Bansal, 2015). Even 
though with the different mix design in other more research (Detwiler and 
Mehta, 1989; Elahi et al., 2010; V. T. Giner et al., 2011; Çakır and Sofyanlı, 
2015), when the w/b ratio is kept constant and superplasticizer used to keep the 
same slump, SF as additions or replacements also lead to an increase of the 
compressive strength. In Figure 50 (c), the compressive strength of mortar 
containing SF were all higher than the control mix mortar. The compressive 
strength of mortar with 5%, 10% and 15% of SF were increased 21%, 39% and 
43% respectively in comparison to the strength of the control mortar without SF. 
This is mainly due to the aggregate-paste bond improvement and enhanced 
microstructure (Bentur et al., 1987; Huang and Feldman, 1985; Köksal et al., 
2008).  
It can be observed that the effect of SF on density, hardness and elastic 
modulus is not very apparent. When compared with control mix (Mix 3), the 
density of the mortars containing SF are all slightly increased. This is because 
SF with very fine particles can fill the space between sand particles and cement. 
The elastic modulus of plain mortar is approximately equal to that of SF-mortar 
at 28 days. This result is consistent with Hooton (1993). Hooton (1993) also 
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reported that the elastic modulus of SF added concrete can increase at later 
ages but not within 28 days.   
From Figure 50 (e), it can also be found that there is a steady increase in the 
flexural strength with increase in the SF addition percentage. At 15% of SF 
addition level, the flexural strength reaches the highest value, 15% higher than 
that of reference mortar.  This result is consistent with the study performed by 
Bhanja and Sengupta (2005) and Köksal et al. (2008).  
It can also be observed from Figure 50 (f), that the dynamic modulus of SF-
mortar decrease with respect to the control mortar. However, the percentage of 
SF addition does not show much effect on the dynamic modulus. This 
phenomenon is consistent with Giner et al. (2011).    
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                                (a)                                                                 (b) 
 
                                (c)                                                                 (d)      
 
                                (e)                                                                 (f) 
Figure 50 Silica fume effect on physical/mechanical properties (a) Density, (b) 
Hardness, (c) Compressive strength, (d) Elastic modulus, (e) Flexual strength/modulus 
and (f) Dynamic modulus 
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5.4.5 GGBS 
Same as fly ash in this study, GGBS, the other type of cementitious material, 
was used as the replacement of cement in different levels. The effect of GGBS 
on the physical/mechanical properties are discussed.  
 Density 
GGBS is a fine glassy material. Its specific gravity is less than that of cement 
(GGBS is 1.25 and cement is 1.4). The change of hardened density according 
to GGBS ratios is given in Figure 51.  Replacing 15-30% cement by GGBS 
increased the density, but over 30% GGBS seemed to reduce the density. This 
might be the reason that GGBS with fine particles filled the space between 
cement and sand particles when a suitable ratio was used. An over dosage of 
GGBS would result in lowing the density because the specific gravity of GGBS 
is lower than that of cement. However, the changes on density were not very 
substantial. The density of mortar with 30% of GGBS and 60% of GGBS were 
2215 kg/m3 and 2179 kg/m3 respectively as the highest and lowest value 
between these 5 GGBS added levels. This difference was roughly 2% which is 
negligible. This result is consistent with Le (2008).    
 
Figure 51 GGBS effect on Density 
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the surface hardness of mortar. This result is consistent with the research 
performed by Alam et al. (2013). Although their results showed that the highest 
value of hardness was at 25% of GGBS replacement level, which was not 
tested in current research. This can also be confirmed from the micro structure. 
Gao et al. (2005) tested concrete specimens with the substitution of GGBS for 
Portland cement ranging from 20% to 60%. The addition of GGBS considerably 
decreased the size and content of Ca(OH)2 crystals at the interfacial transition 
zone (ITZ), which makes the microstructure of ITZ more dense. Hence the 
hardness value of this zone was increased. The influence was optimal for 
GGBS with higher specific area (600m2/kg) and for 20% replacement of the 
Portland cement. Similar conclusions on microstructure hardness improved by 
optimal GGBS replacement was also proposed by Kobayashi et al. (1998). 
 
Figure 52 GGBS effect on Hardness 
 
 Compressive strength 
The effects of GGBS partially replacing cement on the compressive strength is 
illustrated in Figure 53. It can be observed that the incorporation of 15% GGBS 
exhibited the highest compressive strength tested at 28 days. But it is clear that 
the inclusion of GGBS does not improve the strength much at this age, 
particularly at higher replacement levels. In fact, the early strength development 
of GGBS mortars at higher replacement levels are lower than that of OPC 
mortar (ordinary Portland cement mortar) (Hwang and Lin, 1986; Megat Johari 
et al., 2011). This can be attributed to the slower reactivity of GGBS. 
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These observation are generally consistent with the findings of others, such as 
Hwang and Lin (1986), Megat Johari et al. (2011) and Ganesh Babu and Sree 
Rama Kumar (2000). Hwang and Lin (1986) plotted the compressive strength at 
different ages and at various replacement levels. They pointed that “there is a 
specific percentage of GGBS at which the maximum strength can be obtained 
at that age” and “the compressive strength of GGBS concretes depend both on 
the percentage replacement level and on the age”.  Ganesh Babu and Sree 
Rama Kumar (2000) also noticed the percentage level up to nearly 30% of 
GGBS gives the highest compressive strength than normal concrete and other 
percentage levels of GGBS concrete. So as the research performed by Khokhar 
et al. (2010), the GGBS was included from 25%, 50%, 75% and 85% of 
replacement level of cement. The compressive strength when GGBS is at 25% 
of replacement level is the highest than other percentage levels of GGBS 
concrete (Khokhar et al., 2010). Due to the lacking of percentage at 25% in this 
research, 15% percentage of GGBS shows the highest in this research.  
In addition, Gao J.M. et al. (2005) also concluded that high strength is possible 
for concrete with an optimum amount of GGBS replacing a part of Portland 
cement through microstructure analysis. Their results were investigated by 
using SEM measurement, and were demonstrated that the weak ITZ (interfacial 
transition zone) between aggregate and paste interface was strengthened as a 
result of the addition of GGBS.    
 
Figure 53 GGBS effect on Compressive Strength 
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 Elastic modulus 
As can be seen from Figure 54, the effect of GGBS on the elastic modulus 
seems not as significant as its effect on compressive strength, despite the 
higher strength percentage level leading to a higher elastic modulus. Due to the 
lacking of 20% to 25% replacement level, the relative highest elastic modulus is 
not shown in the figure if contrasted with other previous research mentioned in 
the section of compressive strength, such as in Megat Johari et al.’s (2011).  
 
Figure 54 GGBS effect on Elastic Modulus 
 
 Flexural strength and flexural modulus 
The effect of GGBS on the flexural strength and flexural modulus is shown in 
Figure 55. The same percentage of GGBS replacement level at 15% gave the 
relative highest value of flexural strength and flexural modulus, compared with 
the control mix and other percentages replaced GGBS mortar at 28 days, same 
as the results of compressive strength. This can be explained that the presence 
of GGBS at 15% percentage replacement in concrete results in a denser micro-
structure of mortar matrix which enhances the durability properties (Arivalagan, 
2014). While, when GGBS in higher level replacement, increased specific 
surface area requires more water to have sufficiently hydrating reaction 
(Siddique and Bennacer, 2012; Tsai et al., 2014). Hence the flexural strength 
and modulus are decreased.    
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Figure 55 GGBS effect on Flexural Strength and Flexural Modulus 
 
 Dynamic modulus 
The dynamic modulus data tested at 28 days is presented in Figure 56. The 
dynamic modulus was measured in the longitudinal direction, transversal 
direction and torsional direction. It is obvious that the dynamic modulus in each 
direction have the same trend as the compressive strength, and that higher 
strength leads to higher dynamic modulus. This result is consistent with 
previous research, such as (Megat Johari et al., 2011). But the influence 
between 15% and 60% replacement of GGBS on dynamic modulus in the 
longitudinal direction are 38.87 GPa and 30.43 GPa respectively, a decrease of 
22%. This difference is quite similar as in the transversal direction with 20% of 
decrease from 39 GPa to 31.03 GPa. The influence of difference percentage of 
GGBS on dynamic modulus in torsional direction is 19%, from 15.83 GPa to 
12.90 GPa. The GGBS replacement level has the most influence on dynamic 
modulus in longitudinal direction.   
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Figure 56 GGBS effect on Dynamic Modulus 
 
5.4.6 Superplasticizer (SP) 
The effect of Sika ViscoCrete 30HE superplasticizer on the different physical 
and mechanical properties are evaluated in this section. The same properties 
were tested as described for other constituent materials from previous sections. 
The superplasticizer dosage is expressed as the percentage of the cement 
weight. All the mortars with superplasticizer were made to approximately the 
same slump of 35mm, as the control mix with w/c=0.5 and c/s=1/3. The 
dosages were chosen at 0.2% (Mix 18), 0.4% (Mix 19) and 0.6% (Mix 20) of 
cement mass.  
 Density  
The influence of superplasticizer on density is shown in Figure 57. But the 
influence was not very significant. At 0.2%, the superplasticizer did not change 
much of the density, just decreased 0.92%. In general, as the superplasticizer 
dosages increased, the density of mortar increased. With the percentage up to 
0.6%, the density was increased 1.79%. That can be explained that more 
superplasticizer was used, then less water was needed to keep the same 
workability of mix. Hence the density can be increased. This result is consistent 
with the water cement ratio effect to the density discussed earlier in this chapter 
and also consistent with Kılınçkale and Doǧan (2007). The authors explored the 
change of unit weights of concrete with different proportions of admixtures 
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(0.3%, 0.5% and 1.0%) and w/c ratios from 0.52 to 0.60. At w/c = 0.52, the 
average unit weights were from 2300 to 2310 kg/m3 with the superplasticizer 
increased from 0 to 1.0%. This increase was 0.4%. The difference between 
these two experiments were w/c ratio, and with coarse aggregate, or not. 
 
Figure 57 Superplasticizer effect on Density 
 
 Hardness 
Figure 58 shows the effect on the hardness of mortar by different percentage of 
superplasticizer. It can be observed that the hardness value also was not 
changing much by the increased dosages of superplasticizer. This difference 
was 8%.   
 
Figure 58 Superplasticizer effect on Hardness 
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 Compressive strength 
The effect of SP dosages on the compressive strength of mortar can be 
observed in Figure 59. The strength did not change significantly when the SP 
dosage was 0.2%. This phenomenon was consistent with Han et al. (2013) who 
explained that “an amount of SP called non-effective SP content existed, which 
cannot improve the cement dispersion due to cement absorption” (Han et al., 
2013). Same as their results however, when SP content exceeded 0.2%, an 
increment of compressive strength up to 26% can be observed in Figure 59, 
which are also consistent with Chen and Struble (2010), Diamond ( 2007), 
Puertas et al. ( 2005, 2001).   
 
Figure 59 Superplasticizer effect on Compressive Strength 
 
 
Figure 60 Superplasticizer effect on Elastic Modulus 
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 Elastic modulus 
Figure 60 shows the main effect of superplasticizer dosage on the elastic 
modulus of mortar tested at 28 days. It can be found that adding SP does not 
bring significant variations in the elastic modulus. Only a slightly positive 
influence occurred when the dosage was up to 0.6% of cement mass, as found 
by consistent with Corradini et al. (1984). In fact, very little studies are found 
related to the effect of superplasticizer on elastic modulus. 
 Flexural strength and flexural modulus 
The flexural strength and flexural modulus of mortars with SP are illustrated in 
Figure 61. The same as compressive strength, there is a slightly decrease at 
0.2% of superplasticizer, then the flexural strength increases with increasing 
superplasticizer dosage. The highest value of flexural strength at 0.6% 
determined in this research is 10% higher than the control mix. Same as the 
compressive strength, the reason behind this phenomenon is related to the 
water content included in the mix. Increased superplasticizer decreased the 
water content when all the mixes were kept with the same workability. This 
phenomenon of improved flexural strength by increased superplasticizer was 
also observed by Aruntaş et al. (2008) and Ma et al. (2007).  
For flexural modulus, a steady increase is also noticed with the increasing 
dosage of superplasticizer. There is an increase of 16% at 0.6% of 
superplasticizer compared with the control mix.  
 
Figure 61 Superplasticizer effect on Flexural Strength and Flexural Modulus 
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 Dynamic modulus 
The effect of superplasticizer on the dynamic modulus from three directions is 
shown in the Figure 62. The dynamic modulus in the transversal and 
longitudinal directions are exhibiting higher values than that in the torsional 
direction. In general, the trend of dynamic modulus in three directions with the 
increased dosage of superplasticizer is quite similar to the elastic modulus. Due 
to the elastic modulus being measured from the compressive load on the 
bottom and top surface of cylinders, the dynamic modulus in longitudinal 
direction was also measured from one side to the other side along the whole 
specimen. Hence, when comparing the elastic modulus and dynamic modulus, 
the dynamic modulus in the longitudinal direction will be used. Apparently, the 
values of dynamic modulus in the longitudinal direction are higher than elastic 
modulus values which are shown in Figure 60. The effect of superplasticizer 
dosage on dynamic modulus is not significant. As with the elastic modulus, only 
a slightly positive influence occurred when the dosage was up to 0.6% of 
cement mass.  
 
Figure 62 Superplasticizer effect on Dynamic Modulus 
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discussed. The results will be used to relate their effect of these constituents on 
the physical/mechanical properties of the material.    
 
5.5.1 Sand grading 
The same three sand fractions in 5.4.1 were used to produce different mortar 
mixes:  
 Mix 1 (passing 4 mm and retained on 500 μm of natural zone 2 sand),  
 Mix 2 (passing 500 μm of natural zone 2 sand), and  
 Mix 3 (passing 4mm natural zone 2 sand).  
These three mixes were all made with the same aggregate/cement ratio (3/1) 
and water/cement ratio (1/2). This section discusses the influence of different 
graded sands on the following acoustic properties.    
 Speed of sound 
The effect of sand grading on the speed of sound measured under three 
different frequencies is shown in Figure 63. For each mix, the speed of sound 
increases with the increasing frequencies. The difference between the values of 
speed of sound measured at 24 kHz to 500 kHz are 3% for Mix 2, 1% for Mix 1 
and 3% for Mix 3 respectively, as shown in Table 37. This result is similar to 
Dona et al. (2015) where the speed of sound of two mortar samples were also 
measured by ultrasonic Pundit instrument. It can be observed from Table 37 
that in both studies the speed of sound slightly increases with increased 
resonant frequencies. The increment of measured speed of sound at lowest 
frequency to highest frequency from Dona et al.’s are 6% and 3% respectively 
for two different samples, similar to this research. This illustrates that the 
difference in the speed of sound caused by the different frequencies are not 
significant. Due to experiment error, only 54 kHz  transducers were used for 
three different transmitting frequencies and receiving frequencies, this meant 
that the increment in this research was less than in Dona et al., but the error 
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was still within 2%. The general trend of speed of sound caused by the 
increased resonant frequency are still reflected from the data.  
Table 37 Results reliability comparison 
 
Dona et al.’s (2015) This research 
f Cpundit,s1 Cpundit,s2 Cpundit, mix1 Cpundit,mix2 Cpundit,mix3 
kHz m/s  
24 
  
4347 4173 4232 
54 3488 3513 4356 4284 4323 
150 3686 3597 
   250 3721 3619 
   500 
  
4393 4307 4363 
Increment from low 
f to high f, % 
6.68 3.01 1.06 3.21 3.10 
 
Except above discussion, it also exhibits that Mix 1 (500 μm – 4 mm) has the 
highest value of speed of sound among these three types of mixes. This can be 
explained by the physical and mechanical properties of these mixes according 
to the relationship between the sand grading effect and density and elastic 
modulus shown in Figure 42 and Figure 45. Mix 1 possesses the highest elastic 
modulus among the three types of mixes. Although it also has the highest 
density among them, the elastic modulus seems to influence the speed of 
sound higher than the density in this case. This should be related to the change 
in values of density and elastic modulus amongst these three mixes. The same 
as Mix 2 and Mix 3, although Mix 3 possess both the higher elastic modulus and 
density than Mix 2, Mix 3 still has the higher value of speed of sound than Mix 2. 
This relationship is valid when the speed of sound was measured under 24 kHz 
very close to the audible ranges. But for higher frequencies up to 54 kHz and 
500 kHz, the speed of sound of the coarser gap-graded sand Mix 1 is quite 
similar to the speed of sound of the continuous graded sand Mix 3, with just a 1% 
difference.  
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Figure 63 Grading effect on Speed of Sound 
 
 Vibration damping 
The effect of different sand gradings on the vibration damping Q factor are 
shown in Figure 64. The Q factor is the reciprocal of the vibration damping tanδ. 
Hence the higher the value of the Q factor, the lower the vibration damping, 
which means less energy has been dissipated. From Figure 64, it can be 
observed that the gap graded coarse sand Mix 1 exhibits the highest value of Q 
factor. The continuous graded sand Mix 3 is second. Mix 2 shows the lowest 
value. In this case, the Q factor seems to have positive relationship with density, 
compressive strength and elastic modulus, illustrated in Figure 42, Figure 44 
and Figure 45 respectively. Whether there are the relationship between the 
density and Q factor, elastic modulus and Q factor, or compressive strength and 
Q factor. These specific relationships will be explored in the experimental 
programme II.  
As mentioned in the literature review, the internal damping of concrete can be 
generated by increasing the internal friction between the material particles. The 
lowest vibration damping which occurred in Mix 1 (500 μm – 4 mm) can be 
explained that the coarser the sand is, the less their specific surface areas are 
(Neville, 2011). Also, this type of grading of sand also performed its well graded 
properties, as explained in Section 5.4.1. Hence, the little voids between the 
sand particles can be filled and covered with more cement than other types of 
grading of sand with more surface area or more voids. Then the stronger bond 
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can be created at the edge of the sand particles and the cement, and then the 
internal friction can be reduced.  
For Mix 2 (< 500 μm), it has the pure finer sand in the mix. Hence the sand 
particles have the larger specific surface area compared with the other two 
types of grading of sand. Then the content of cement in-between the sand 
particles can be a lot less, and then the internal friction is larger than the other 
two.  
If the sand grading, either with more coarse or fine sand, does provide the 
opposite influence on the vibration damping, plus also the well graded sand 
effect, then the Mix 3 with both fractions of coarse and fine sand (≤ 4 mm) 
should have the medium vibration damping between Mix 1 and Mix 2. This 
conclusion has been confirmed by the testing results shown in Figure 64.  
 
Figure 64 Grading effect on Vibration damping 
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of dynamic modulus, (see 4.9.6), the higher the modulus of elasticity of concrete, 
the higher the fundamental resonant frequency.  
 
Figure 65 Grading effect on Fundamental resonant frequency 
 
5.5.2 Water/cement ratio 
In this section, the results of the varying w/c ratio’s influence on the acoustic 
properties are discussed. All the mixes were kept at the same 
aggregate/cement ratio (3/1) and the w/c ratios were varied at 0.35, 0.4, 0.5 and 
0.6.    
 Speed of sound 
It can be seen from Figure 66 that with the increased w/c ratio, the speed of 
sound are all decreased under different frequencies, consistent with Ozbay et al. 
(2009), who investigated that the effect of w/c ratio was calculated with 74.33% 
contribution on the change of ultrasonic pulse velocity (UPV) value by using the 
combination of Taguchi method and analysis of variance (ANOVA) technique. 
The authors also pointed out that “the UPV values of produced concretes are 
decreased with increasing of water content” (Ozbay et al., 2009).  
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Figure 66 Water effect on Speed of sound 
 
 Vibration damping 
The effect of water/cement ratio on the vibration damping is illustrated in Figure 
67. It can be seen that the Q factor value is decreased with the increasing of 
w/c ratio. This trend is the same as the effect of w/c ratio on the density, 
hardness, compressive strength, elastic modulus, flexural strength and dynamic 
modulus. For example, with the decrease of the density or decreased 
compressive strength, the Q factor also decreases, it means that the damping 
increases. The same explanation mentioned in the sand grading section can be 
used to prove the above statement valid. More water can cause a weaker bond 
between particles, which means higher vibration damping, a finding also 
confirmed by de Graft-Johnson and Bawa (1969).    
 
 Fundamental resonant frequency 
The w/c ratio effect on the fundamental resonant frequency is illustrated in 
Figure 68. The same interpretation as for the sand grading effect on 
fundamental resonant frequency can be used to explain this effect. The results 
prove again that the dynamic modulus is decreased with the increasing w/c ratio, 
so as the fundamental resonant frequency.   
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Figure 67 Water effect on Vibration damping 
 
 
Figure 68 Water effect on Fundamental resonant frequency 
 
5.5.3 Fly ash  
In this section, the influence on the acoustic properties due to FA is discussed. 
Based upon the control mix, w/c = 0.5, cement/sand = 1/3, FA was added as a 
volume replacement of cement at 15% (Mix 7), 30% (Mix 8), 45% (Mix 9), and 
60% (Mix 10).  
 Speed of sound 
Figure 69 presents the effect of FA on the speed of sound under different 
frequencies. It can be seen that the speed of sound generally decreases with an 
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increase of FA content, compared with the control mix (Mix 3). This is due to the 
same reason as explained in the sand grading effect, the trend of the speed of 
sound under FA’s influence can be related to the figures of dynamic modulus, 
elastic modulus and density under FA’s influence. After comparing with Figure 
69 and Figure 49 (a), (d) and (f), these figures generally show the same pattern. 
 
Figure 69 Fly ash effect on Speed of sound 
 
 Vibration damping 
The effect of FA on the vibration damping is illustrated in Figure 70. It can be 
seen that the damping Q factor value decreases with an increase of FA 
replacement level. This indicates that vibration damping is increasing with the 
increase of FA replacement level. The same explanation mentioned in sand 
grading effect can be used, such as the filler effect of FA increasing the surface 
area etc.  The FA effect on the Q factor also has the same trend as its effect on 
density, compressive strength, elastic modulus and dynamic modulus which 
have been illustrated in Figure 49 (a) (c) (d) (f) respectively. It is worth 
mentioning that although generally the vibration damping increase with the 
higher level replacement of FA, the vibration damping of FA-mortar can be 
lower than that of plain mortar mix with a certain replacement level. In this case, 
the lowest vibration damping occurs when the FA replacement level is at 15% 
and 30%, which is shown in Figure 70. 
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Figure 70 Fly ash effect on Vibration damping 
 
 Fundamental resonant frequency 
From Figure 71, it can be seen that the effect of FA on the fundamental 
resonant frequency seems not significant under all three directions, but 
generally shows a decrease with the increase of FA replacement. If compared 
with the value of the control sample, there is a decrease of 19%, 12% and 36% 
at 60% replacement level in the transversal, longitudinal and torsional direction 
respectively. The reason is also the same as that in the sand grading effect 
section. The fundamental resonant frequency is a function of dynamic modulus. 
They should have the same trend under the same influence of the addition of 
FA.     
 
Figure 71 Fly ash effect on Fundamental resonant frequency 
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5.5.4 Silica fume 
In this section, the influence on the acoustic properties of including SF is 
discussed. Based upon the control mix, w/c = 0.5, cement/sand = 1/3, the SF 
was added as an addition of cement in mass at 5% (mix 15), 10% (mix 16), 
15% (mix 17). 
 Speed of sound 
The effect of SF on the speed of sound is presented in Figure 72. It can be 
observed that generally the addition of SF reduces the speed of sound with 
respect to the reference mortar under any frequencies, but not significant, 
consistent with Ding (2007) and Mohamed et al (2013). When compared with 
the physical/mechanical properties, the dynamic modulus of SF mortar shows 
the similar trend as the effect of SF on the speed of sound shown in Figure 72. 
The relationship between speed of sound and elastic modulus and other 
properties will be discussed in detail in Chapter 6 and Chapter 7.      
 
Figure 72 Silica fume effect on Speed of sound 
 
 Vibration damping 
The Q factor values obtained for the SF-mortar mixes are presented in Figure 
73; the addition of SF generally increases the Q factor. This means that the 
addition of SF reduces the vibration damping with respect to the reference 
mortar. However, these reductions are not proportional to the SF proportion 
shown from the figure. The Q factors obtained are 51, 55, 56 and 53 from the 
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range of SF addition at 0%, 5%, 10% and 15% respectively. If, in the reciprocal 
of Q factor, the vibration damping value will be 0.020, 0.018, 0.018 and 0.019 at 
the above addition level respectively. Then from these values, it shows that the 
reduction of the vibration damping caused by the SF, however, is not 
substantial. But, it is worthy to mention that different replacements of SF to sand 
or cement exhibits the opposite effect on vibration damping. Wang and Chung 
(1998) identified that with the addition of SF to replace sand, more vibration 
damping ability were restored. This can also illustrate that more cementitious 
material, either cement or SF, can increase the bond strength between particles.  
     
Figure 73 Silica fume effect on Vibration damping 
 
 Fundamental resonant frequency 
Figure 74 shows the fundamental resonant frequencies of the prismatic 
specimens for each mode of vibration at 28 days. These results show a similar 
pattern in the three modes of vibration. The highest resonant frequency is 
obtained with the control concrete, and then they tend to decrease slightly when 
the proportion of SF increases. The largest reductions, compared with the 
reference concrete, are 4%, 4% and 5% in transversal, longitudinal and 
torsional directions respectively, consistent with Giner et al. (2011). According 
to the previous explanation in the sand grading part, the effect of SF on the 
fundamental resonant frequency do follow the same trend as the effect of SF on 
the dynamic modulus shown in Figure 50 (f).  
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Figure 74 Silica fume effect on Fundamental resonant frequency 
 
5.5.5 GGBS 
In this section, the influence of GGBS on the acoustic properties of mortar are 
discussed. Based upon the control mix, w/c = 0.5, cement/sand = 1/3, GGBS 
was added to replace the cement in volume at 15% (Mix 11), 30% (Mix12), 45% 
(Mix 13), and 60% (Mix 14).  
 Speed of sound 
The changes in the speed of sound for mortar mixes with different replacement 
percentages of GGBS are illustrated in Figure 75. In general, GGBS-mortar 
decreases the speed of sound compared with the reference mortar, except for 
the increase when the GGBS replacement level is at 15%. The decreased 
speed of sound is not very substantial and can be explained that, when GGBS 
is used in concrete/mortar, the resulting hardened cement matrix has smaller 
gel pores and few large capillary pores than the case of mortar made from 
Portland cement. This finer pore structure can decrease the transmission speed 
of sound. This can also be compared with the density and elastic modulus’s 
Figure 51 and Figure 54. According to the relationship between speed of sound, 
density and elastic modulus, Eq. (4), mentioned in Section 2.2.3.3, increased 
density and the unchanged values of elastic modulus can cause a decrease in 
the speed of sound. The detailed relationship will be discussed in Chapter 6 and 
Chapter 7. The initial increase at the 15% replacement level might be explained 
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that the little amount of GGBS performed a filler effect with the sand particles, 
without much reaction with the cement, hence increasing the speed of sound.  
 
 Vibration damping 
The GGBS effect on the vibration damping is illustrated in Figure 76. It can be 
seen that the Q factor value reaches the highest value with 30% of GGBS 
replacement. It means that at 30% replacement the vibration damping has 
decreased to the minimum within the range of replacement levels of GGBS from 
0% to 60%. It can be imagined that with more GGBS added, the increased 
number of gel pores and the larger capillary pores, will increase the damping. 
Compared with the reference mortar, there is a 16% decrease of the Q factor at 
60% replacement, and a 24% increase of the Q factor at 30% replacement. This 
trend is also similar to the effect of GGBS replacement on density, compressive 
strength and dynamic modulus. Due to there being no previous research 
focusing on the damping properties of GGBS added mortar, no comparison is 
made here.  
 
Figure 75 GGBS effect on Speed of sound 
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Figure 76 GGBS effect on Vibration damping 
 
 Fundamental resonant frequency 
From Figure 77, it can be seen that the effect of GGBS to the fundamental 
resonant frequency is not significant.  
 
Figure 77 GGBS and fundamental resonant frequency 
 
5.5.6 Superplasticizer 
In this section, the influence on the acoustic properties from superplasticizer are 
discussed. Based upon the control mix, w/c = 0.5, cement/sand = 1/3, 
superplasticizer was added in the range of 0.2 to 0.6% by mass of cement. 
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Each mix was adjusted to obtain approximately the same slump (of 35mm) as 
the control mix and they are 0.2% (Mix 18), 0.4% (Mix 19) and 0.6% (Mix 20).  
 Speed of sound 
The changes in speed of sound for different dosages of superplasticizer is 
illustrated in Figure 78. It can be seen that the increased superplasticizer 
correlates to an increase in the value of speed of sound. This can be explained 
as the reduced w/c ratio effect on the speed of sound when each mix is kept 
with the same slump. Increased superplasticizer reduced the water content, 
hence increased the compressive strength, and hence increases the speed of 
sound. The detailed reason can be referred to in Section 5.5.2. There is no 
other research directly related to the effect of SP on the acoustic properties.  
 
Figure 78 Superplasticizer effect on Speed of sound 
 
 Vibration damping 
From Figure 79, it can be seen that the effect of superplasticizer on the vibration 
damping is negligible. Although the water content has been reduced, the 
vibration damping is not influenced when the slump is kept constant.   
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Figure 79 Superplasticizer effect on vibration damping 
 
 Fundamental resonant frequency 
In Figure 80, the effect of SP on the fundamental resonant frequency is 
illustrated.  It can be seen that with the increase of SP, the fundamental 
resonant frequency, measured in three directions, all increase slightly. This 
trend is similar as to the superplasticizer effect on density, elastic modulus and 
dynamic modulus shown in Figure 57, Figure 60 and Figure 62.  
 
Figure 80 Superplasticizer effect on Fundamental resonant frequency 
 
 
20
25
30
35
40
45
50
55
0 0.2 0.4 0.6 0.8
Q
 f
ac
to
r
Addition of SP %
0
2000
4000
6000
8000
10000
12000
14000
0 0.2 0.4 0.6 0.8
f 0
H
z
Addition of SP %
Transversal
Longitudinal
Torsional
                                                                                             
195 
 
Experimental programme I: preliminary  
 
5.6 Discussion and conclusions         
In this chapter, six constituents/factors were considered and used in the mixes. 
11 properties (including slump test) were tested for each constituents/factors’ 
related mortar type. For each type of mortar, there were three cubes, three 
prisms and three cylinders produced. In this chapter, there were 20 mix 
designs. Hence, 180 specimens were made, 660 test results were recorded, as 
shown in Table 38.  
After analysing the results from experimental programme I, a series of different 
constituents’ effects on the physical properties and acoustic properties could be 
listed and compared. The summary of these experimental results is presented 
in Table 40. At the end of the preliminary tests, one additive was chosen and 
used in the next experiment stage to construct a detailed mathematical 
relationship between the mix proportions and acoustic properties of the 
material, through the conduit of the physical/mechanical properties. This 
additive was chosen based upon the acoustic properties which wood sound 
board should have, such as the density, elastic modulus of the sound board 
material etc. These will be all summarized in this section. 
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Table 38 Summary of experimental testing programme I: Preliminary  
Sample numbers per mix design 
Test 
No. 
Test methods 
Number 
of 
samples 
No. of 
each 
type of 
test 
Dimensions 
Specimen 
Volume 
(m3) 
Total 
Volume 
(m3) 
Notes 
1 
Flow table 
test 
0 3 N/A 0 0 
 
2 
Compressive 
strength 
3 3 
100*100*100 
mm 
0.001 0.003 
 
3 
Flexural 
strength 
3 3 
40*40*160 
mm 
0.000256 0.000768 
 
4 
Flexural 
modulus 
0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
5 
Dynamic 
modulus 
0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
6 
Elastic 
modulus 
3 3 
4 1/8 '' * 9'' 
105(diameter) 
× 228.6 
(height)mm 
0.002 0.006 
 
7 Hardness 0 3 
100*100*100 
mm 
0 0 
Same 
sample 
as No.2 
8 Density 0 3 
100*100*100 
mm 
0 0 
Same 
sample 
as No.2 
9 
Speed of 
sound 
0 3 
100*100*100 
mm 
0 0 
Same 
sample 
as No.2 
10 
Vibration 
damping 
0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
11 Frequency 0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
 
 
Total 9 33 
 
0.003 0.010 
 
 
Total numbers of sample and test 
       
 
 
No. of mix 
design 
20 20 
       
 
 
Total No. 180 660 
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According to the acoustic properties of wood sound boards presented in Figure 
11 from Section 2.2.3.1, the following acoustics related properties data are 
summarized here, along with the plain mortar experimental data, as shown in 
Table 39. From Table 39, it can be seen that in order to create the 
mortar/concrete with the potential as a wooden sound board, both the elastic 
modulus and vibration damping (loss coefficient) need to be reduced. The most 
significant issue is to lower the density of the mortar/concrete. Whereas the 
speed of sound of the mortar has fallen into the range that is desirable for a 
wooden sound board. 
Table 39 Comparison of acoustics related properties between wood for sound board 
and plain mortar 
 
Elastic 
modulus 
(GPa) 
Density 
(kg/𝑚3) 
Speed of 
sound (m/s) 
Loss 
Coefficient 
Wood for 
sound board 
(Wegst, 2006) 
6-20 300-600 4000-6700 0.003-0.012 
Plain mortar 
(Mix 3) 
27.5 2184 4215 0.0196 
Note: Loss coefficient of plain mortar is calculated according to the Eq.(829) and tested 
Q factor. 
Based upon the reference data in Table 39, and all the hypothesis requirements 
mentioned in experiment scenarios (see Section 4.2) , FA was selected to be 
investigated further in the next stage. From Table 40, it can be seen that FA is 
the only constituent/factor which has an influence on all the tested properties. 
The highlighted parts are mentioned as that constituent/factor does not have a 
significant influence on the properties tested. Moreover, in detail, the FA has 
potential to decrease the dynamic modulus, elastic modulus, density and 
vibration damping. This is satisfying both the requirements based upon the 
hypothesis. 
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In addition to the FA, it can also be seen that the w/c ratio also has an influence 
on most of the tested properties, except for density. A decreased w/c ratio can 
increase the fundamental resonant frequency, vibration damping and speed of 
sound. This is satisfying the requirements based upon Table 39.    
Moreover, it can also be seen from Table 40 that the sand grading effect is the 
only factor which changes the density significantly. The changes to density are 
caused by the ratio of sand to cement. Since there is no significant influence on 
the other acoustic-related properties from the sand grading effect. Hence the 
varying c/s ratios will also be considered in developing further mixes, and used 
to build the relationship between acoustic properties and mix design.  
In summary, the following constituent and factors will be considered in the next 
stage of investigations: 
 Fly ash replacement; 
 w/b ratio effect; 
 b/s ratio effect. 
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Table 40 Summary of experimental results 
  
Experimental results summary 
Sand                   
grading 
P
h
ys
ic
al
 /
M
ec
h
an
ic
al
 p
ro
p
er
ti
e
s 
Compressive 
strength 
Gap graded coarser sand (500 μm – 4 mm) Mix 1 give the 
highest compressive strength, continuous graded sand (≤ 4 
mm) Mix 3 is ranked in second, and then is the gap-graded 
finer sand (< 500 μm) Mix 2. 
Density 
The mixes, ranged by the descending density, are gap graded 
coarser sand (500 μm – 4 mm) Mix 1, continuous graded sand 
(≤ 4 mm) Mix 3, gap-graded finer sand (< 500 μm) Mix 2.   
Dynamic 
modulus 
Not big difference among them 
Elastic modulus Not big difference among them 
Flexural strength Not big difference among them 
Flexural modulus Not big difference among them 
Hardness Same trend as compressive strength 
A
co
u
st
ic
al
 
p
ro
p
er
ti
es
 
Fundamental 
resonant 
frequency 
Not big difference among them 
Speed of sound Not big difference among them 
Vibration 
damping 
Gap graded coarser sand (500 μm – 4 mm) Mix 1 give the 
lowest vibration damping. 
w/c 
ratio P
h
ys
ic
al
/M
ec
h
an
ic
al
 p
ro
p
er
ti
es
 
Compressive 
strength 
It decreases with increased w/c ratio. 
Density Not significant decrease. 
Dynamic 
modulus 
It is decreased with an increase in w/c. 
Elastic modulus It is decreased with an increase in w/c. 
Flexural strength It is decreased with an increase in w/c. 
Flexural modulus It is decreased with an increase in w/c. 
Hardness Same trend as compressive strength 
A
co
u
st
ic
al
 p
ro
p
er
ti
es
 Fundamental 
resonant 
frequency 
It is decreased with increase in w content (w/c). It is 
proportional to the Ed positively.  
Pulse 
velocity/Speed of 
sound (UPV) 
It is decreased with increase in w content (w/c). 
Vibration 
damping 
It is decreased with increase in w content (w/c). It looks 
proportional to the compressive strength, density positively.  
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Continued：  
  
Experiment results summary 
Fly ash P
h
ys
ic
al
/M
ec
h
an
ic
al
 p
ro
p
er
ti
es
 
Compressive 
strength 
It decreases as FA replacement increases. 
Density 
Dynamic 
modulus 
Elastic modulus 
Flexural strength 
Flexural modulus 
Hardness 
A
co
u
st
ic
al
 p
ro
p
er
ti
es
 
Fundamental 
resonant 
frequency 
Speed of sound 
Vibration 
damping 
There is possibility (at 15% and 30% replacement level) 
that vibration damping is lower than that of plain 
mortar, but generally vibration damping decreases with 
higher content of FA.  
Silica                       
fume P
h
ys
ic
al
/M
ec
h
an
ic
al
 p
ro
p
er
ti
es
 
Compressive 
strength 
It increases with the increase of silica fume addition. 
Density Influence is not significant.   
Dynamic 
modulus 
There is a decrease compared with reference 
concrete/mortar.  
Elastic modulus Influence is not significant.   
Flexural strength Same trend as compressive strength 
Flexural modulus Same trend as compressive strength 
Hardness 
Same trend as compressive strength but influence is not 
significant. 
A
co
u
st
ic
al
 p
ro
p
er
ti
es
 Fundamental 
resonant 
frequency 
It decreases with the increase of silica fume addition 
compared with reference concrete/mortar.  
pulse velocity/ 
Speed of sound 
Influence is not significant.   
Vibration 
damping 
The addition of the SF reduce the vibration damping 
with respect to the reference concrete/mortar. 
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Experiment results summary 
GGBS 
P
h
ys
ic
al
/M
ec
h
an
ic
al
 p
ro
p
er
ti
es
 
Compressive 
strength 
The highest compressive strength occurred at 15% of 
GGBS replacement level. However, the inclusion of 
GGBS does not improve the strength much at this age 
but decrease particularly at higher replacement levels.  
Density 
There is no significant difference in density when 
replacing cement with GGBS. 
Dynamic 
modulus 
Same trend as the compressive strength. It decreases 
with the increase of GGBS replacement level.  
Elastic modulus Influence is not significant.   
Flexural strength Same trend as the compressive strength. 
Flexural modulus Same trend as the compressive strength. 
Hardness Same trend as the compressive strength. 
A
co
u
st
ic
al
 p
ro
p
er
ti
es
 Fundamental 
resonant 
frequency 
Influence is not significant.   
Speed of sound Influence is not significant.   
Vibration 
damping 
There is possibility (at 30% replacement level) that 
vibration damping is lower than that of plain mortar, 
but generally vibration damping decreases with higher 
content of GGBS.  
Super-         
plasticizer 
P
h
ys
ic
al
/M
ec
h
an
ic
al
 p
ro
p
er
ti
es
 
Compressive 
strength 
Increased with the increase of SP dosage level 
Density Influence is not significant 
Dynamic 
modulus 
A slightly positive influence happened when the dosage 
was up to 0.6% of cement mass. 
Elastic modulus 
A slightly positive influence happened when the dosage 
was up to 0.6% of cement mass. 
Flexural strength Increased with the increase of SP dosage level 
Flexural modulus Increased with the increase of SP dosage level 
Hardness Same trend as compressive strength 
A
co
u
st
ic
al
 
p
ro
p
er
ti
es
 
Fundamental 
resonant 
frequency 
Influence is not significant 
Speed of sound Increased with the increase of SP dosage level 
Vibration 
damping 
Influence is not significant 
Note: The highlighted paragraphs are all referring to the constituents or factors which had 
little or none influence to its corresponding properties. 
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Chapter 6  EXPERIMENTAL 
PROGRAMME II: MORTAR WITH 
FLY ASH 
 
 
6.1 Introduction 
In order to investigate how the mix design can be used to influence the acoustic 
properties, we need to know how the mechanical properties are affected by the 
mix design, and constituents. As mentioned in Chapter 3, a mathematical model 
needs to be constructed incorporating the acoustic properties and mix design 
constituents. Therefore more experiments are needed to explore the 
relationship between the acoustic properties, physical/mechanical properties 
and mix design factors.  
From Chapter 5, it has been concluded that FA was selected amongst six mix 
design factors. Moreover, w/b ratio and b/s ratio were also selected. Although 
there are also other constituent materials which had some effect on certain 
properties, this research concentrates on FA due to this having the greatest 
influence on the potential acoustic properties of the concrete.   
In this chapter, the fresh and hardened properties of mortar with increasing FA 
replacement of cement, and combined with varying w/b and b/s ratios are 
presented and discussed. Properties presented include fresh properties 
(slump), physical properties such as density, and mechanical properties 
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(compressive strength, hardness, elastic modulus, flexural strength, flexural 
modulus, dynamic modulus). Acoustic properties are also presented, including 
resonant frequency, speed of sound and damping coefficient. In order to keep 
the paste volume constant, the FA still replaced the cement by volume, as per 
previous research  (Khokhar et al., 2010; Liu, 2009; Neville, 2011). 
The one factor at a time method was still employed. Hence, in order to study the 
influence of FA on mortar with different replacement rates, either the w/b ratio or 
the b/c ratio needed to be kept constant. A changing w/b ratio leads to a 
changing b/s ratio in order to obtain an adequately workable mix. In summary, it 
enables the effect of the w/b ratio or the b/c ratio on the assessed properties at 
its corresponding FA replacement level to be found. Then, the combined effect 
on the acoustic properties can also be investigated. The mix designs are 
presented in Table 30 and Table 31 in Chapter 4. 
The total number of specimens and tests performed in the experimental 
programme II (Table 41) is 306 and 1122.  
 
6.2 Test results 
In order to understand the results more easily, the results and mix design No. 
are presented in Table 42, Table 43 and Table 44. Mix 22 was a trial mix hence 
the results are not shown here. Mixes 52 and 53 were out of workability, hence 
there are no results. The mix No. and mix design with corresponding FA 
replacement level, w/b ratio and b/s ratio can be referred to Table 44.  
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Table 41 Testing Experiment Plan 
Sample numbers per mix design 
Test 
No. 
Test methods 
Number 
of 
samples 
No. of 
each 
type 
of test 
Dimensions  
Specimen 
Volume 
(m3) 
Total 
Volume 
(m3) 
Notes 
1 
Flow table 
test 
0 3 N/A 0 0 
 
2 
Compressive 
strength 
3 3 
100*100*100 
mm 
0.001 0.003 
 
3 
Flexural 
strength 
3 3 
40*40*160 
mm 
0.000256 0.000768 
 
4 
Flexural 
modulus 
0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
5 
Dynamic 
modulus 
0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
6 
Elastic 
modulus 
3 3 
4 1/8 '' * 9'' 
105(diameter) 
× 228.6 
(height)mm 
0.002 0.006 
 
7 Hardness 0 3 
100*100*100 
mm 
0 0 
Same 
sample 
as No.2 
8 Density 0 3 
100*100*100 
mm 
0 0 
Same 
sample 
as No.2 
9 
Speed of 
sound 
0 3 
100*100*100 
mm 
0 0 
Same 
sample 
as No.2 
10 
Vibration 
damping 
0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
11 Frequency 0 3 
40*40*160 
mm 
0 0 
Same 
sample 
as No.3 
 
 
Total 9 33 
 
0.003 0.010 
 
 
Total numbers of sample and test 
       
 
 
No. of mix 
design 
34 34 
       
 
 
Total No. 306 1122 
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 Table 42 Physical and mechanical properties of FA incorporated mortar mixes 
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Continued Table 42. 
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Continued Table 43. 
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Table 44 28 day dynamic modulus for mixes with varying w/b ratios, varying b/s ratios 
and FA replacement. 
Mix 
No. 
w/b b/s 
FA 
replacement 
(%) 
Transversal 
dynamic 
modulus Etr 
(GPa ±SD) 
Longitudinal 
dynamic 
modulus El 
(GPa ± SD ) 
Torsional 
dynamic 
modulus Gto 
(GPa ± SD) 
25 
0.4 
 
1/2.6 
15 43.65 ± 0.85 42.03 ± 0.32 16.73 ± 0.23 
32 30 42.50 ± 0.67 41.20 ± 0.10 16.30 ± 0.10 
38 45 38.73 ± 2.46 40.20 ± 0.44 15.97 ± 0.26 
43 60 27.70 ± 2.69 38.97 ± 0.31 15.57 ± 0.32 
31 
1/2.8 
15 44.70 ± 1.14 42.17 ± 1.16 16.83 ± 0.59 
33 30 43.73 ± 1.75 41.30 ± 0.12 16.38 ± 0.06 
27 45 41.10 ± 1.06 40.33 ± 0.15 16.03 ± 0.10 
44 60 28.90 ± 1.25 39.23 ± 0.25 15.73 ± 0.15 
21 
1/3 
15 46.67 ± 0.29 42.40 ± 0.20 17.13 ± 1.12 
23 30 45.55 ± 1.11 41.65 ± 0.87 16.75 ± 0.26 
50 45 43.77 ± 2.61 40.43 ± 0.90 16.50 ± 0.64 
52 60    
29 
0.5 
1/2.8 
15 40.10±0.67 39.50±0.59 15.77±0.15 
34 30 25.10±0.71 35.50±0.56 13.83±0.06 
39 45 23.85±0.35 34.40±0.47 13.63±0.42 
45 60 23.40±0.64 34.00±0.74 13.60±0.30 
54 
1/3 
15 38.60±0.00 37.65±0.76 14.70±0.17 
55 30 35.40±0.99 37.05±1.38 13.90±1.47 
56 45 34.50±0.78 35.00±0.85 13.80±0.29 
57 60 29.60±1.25 30.80±1.21 12.27±1.12 
24 
1/3.2 
15 41.9±0.72 41.40±0.71 16.80±0.21 
35 30 38.90±0.85 36.43±0.06 14.60±0.00 
40 45 26.00±0.40 36.20±0.12 14.50±0.12 
46 60 25.57±0.25 34.25±0.57 13.35±0.07 
48 
0.6 
1/3 
15 24.00±1.36 33.10±1.13 13.20±0.36 
51 30 22.70±1.21 31.70±0.61 11.83±0.25 
49 45 22.60±0.52 31.93±0.75 12.07±0.06 
53 60    
30 
1/3.2 
15 39.33±2.04 37.10±0.72 14.43±0.15 
36 30 23.45±2.76 35.50±0.92 13.70±0.10 
41 45 22.70±1.28 33.27±0.72 12.77±0.06 
47 60 21.65±1.06 30.33±0.50 11.77±0.23 
26 
1/3.4 
15 36.50±1.28 35.60±1.25 13.70±0.56 
37 30 22.60±0.00 32.93±0.35 13.07±0.31 
42 45 23.70±1.41 34.10±0.26 12.87±0.21 
28 60 34.00±0.95 34.10±0.87 13.20±0.26 
Note: For mix w/b=0.4, b/s=1/3, 60% FA, it was too dry; for mix w/b=0.6, b/s=1/3, 60% 
FA, it was too fluid.  
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6.3 Effect on physical and mechanical properties of FA 
incorporated mortar  
This section examines the effect of the chosen constituents and parameters 
mentioned in introduction (Section 6.1) on the physical/mechanical properties. 
Their relationship will be presented and discussed. The results can be used to 
relate to the effect of these constituents on the acoustic properties later in 
Section 6.5.    
 
6.3.1 Compressive strength 
Figure 81 shows the relationship between the compressive strength and the 
percentage of cement replaced by FA. It is observed that the compressive 
strength of the three different b/s ratio mixes all decreased with the increasing 
FA replacement, as expected. Three different binder/sand ratio (b/s) mixes also 
means that the three mixtures have different sand contents. It is clear that with 
the w/c ratio fixed (w/c=0.4 in this case), the higher the binder content the 
higher the strength, again as expected. For example, for the 15% of FA 
replacement mixes, the compressive strength of the b/s=1/2.6 mixes are greater 
than the b/s=1/3 mixes. The difference in compressive strengths caused by the 
b/s ratio effect are 12.02 MPa, nearly a 20% decrease, between b/s=1/ 2.6 and 
b/s=1/ 2.8 and 5.13 MPa, nearly a 9% decrease between b/s=1/ 2.8 and b/s=1/ 
3 at the 15% FA replacement level. 
Figure 82 shows a similar trend as Figure 81 with regards to FA replacement 
and compressive strength. As the w/c ratio is increased to 0.5, however, the 
values of compressive strength for each percent of FA replacement are lower 
than the values when w/c=0.40, as expected. The differences in compressive 
strength however, are smaller than in Figure 81.  
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Figure 81 Compressive strength with different FA replacement and b/s ratios (w/c=0.4) 
 
 
Figure 82 Compressive strength with different FA replacement and different b/s ratios 
(w/b=0.5) 
 
In Figure 83, the FA shows the same relationship with the compressive 
strength. But due to the increasing water content up to 0.6, the b/s ratio effect 
changes. The mix with b/s (1/3.2) has the highest compressive strength 
compared with the other two b/s ratio mixes, for each value of FA replacement. 
A possible reason for this could be that the workability of the mix (b/s=1/3, 
FA=15%) was very high (a slump of 150mm) in Figure 84 (b). Figure 85 also 
clearly proved the specimens in b/s=1/3.4 mix were also well made. The slump 
of b/s=1/3.4 mix was 45mm. 
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Figure 83 Compressive strength with different FA replacement and different b/s ratios 
(w/b=0.6) 
 
  
(a)                                      (b) 
 
(c) 
Figure 84 Slump test and mix of w/b=0.6, b/s=1/3, FA=15% 
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Figure 85 Specimens of mix w/b=0.6, b/s=1/3.4, FA=15% 
 
 
Figure 86 Compressive strength of different FA replacement and w/b ratio mixes 
(b/s=1/3) 
 
As expected, an increase in the w/b ratio results in a decrease in compressive 
strength (Figure 86). It can be seen that the difference in compressive strength 
is 7.09 MPa, nearly a 14% decrease, between w/b = 0.4 and w/b = 0.5 11.89 
MPa, nearly a 32% decrease between w/b = 0.4 and w/b = 0.6 at 15% FA 
replacement level.  
After comparing Figure 81, Figure 82, Figure 83 and Figure 86, it can be found 
that the highest compressive strength is when FA = 15%, b/s=1/2.6 and 
w/b=0.4. 
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6.3.2  Density 
From Figure 87, the density of the mortar varied depending on the different w/b 
ratios, b/s ratios and FA replacement of cement. As FA has a lower density than 
cement (800 kg/m3  compared to 1400 kg/m3 ), the mix with the higher FA 
content resulted in a decrease in the density of the mortar with the same binder 
content and sand content. When the FA content and b/s ratio were fixed (such 
as, w/b=0.4, b/s=1/3; w/b=0.5, b/s=1/3; and w/b=0.6, b/s=1/3) the density 
decreased as the w/b ratio increased.  When the FA content and w/b ratio were 
fixed, the higher sand content resulted in a higher density. However, all these 
changes were not substantial. Such as, take w/b=0.4, b/s=1/2.8, with the 
increase of FA replacement content, the density is decreased from 2261.5 MPa 
to 2232.48 MPa, a 1% decrease; Moreover, when the FA=15%, b/s=1/3, with 
the w/b ratio increased from 0.4 to 0.6, the density decreased from 2273.38 
kg/m3 to 2202.84 kg/m3, a 3% decrease; Also, when the FA=15%, w/b=0.4, with 
the decrease of b/s ratio from 1/2.6 to 1/3, the density is increased from 
2253.81 kg/m3 to 2273.38 kg/m3, a 1% increase. 
The lowest density recorded was 2182.97 kg/m3 when w/b=0.5, b/s=1/2.8, and 
FA=60%.  
 
Figure 87 Density of different FA replacement and b/s ratios mixes 
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6.3.3  Hardness 
The effect of varying the FA replacement and b/s ratio on the hardness under 
certain w/b ratios (0.4, 0.5 and 0.6) is shown in Figure 88 to Figure 90. The 
same as for the compressive strength, it can be seen that the hardness of the 
three different b/s ratio mixes all decreased with the increasing FA replacement. 
However, the b/s ratio does not seem to have much influence on the hardness 
when the FA replacement and w/b ratio are fixed (Figure 88 to Figure 89). But 
for w/b 0.6 in Figure 90, the b/s ratio effect becomes visible again. However, the 
mix with b/s=1/3.2 still has the higher hardness value compared with the other 
two b/s ratio mixes. A possible reason is still because of the slump value, 
discussed previously in Section 6.3.1. From Figure 91 when the b/s ratio is fixed, 
it can be seen that with an increase of the w/c ratio, the values of hardness also 
decreased. For example, when FA=15%, b/s=1/3, with an increase of w/b ratio 
from 0.4 to 0.6, the hardness value is decreased from 29 to 17, a 41% 
decrease. 
 
Figure 88 Hardness of different FA replacement and b/s ratio mixes (w/b=0.4) 
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Figure 89 Hardness of different FA replacement and b/s ratio mixes (w/b=0.5) 
 
 
Figure 90 Hardness of different FA replacement and b/s ratio mixes (w/b=0.6) 
 
 
Figure 91 Hardness of different FA replacement and w/b ratio mixes (b/s=1/3) 
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6.3.4  Flexural strength   
The effect of varied FA replacement and b/s ratios on the flexural strength 
under certain w/b ratios (0.4, 0.5 and 0.6) are shown in Figure 92 to Figure 94. 
In Figure 92, it can be seen that the difference caused by the b/s ratio is not 
large for the mix with w/b = 0.4. When the b/s ratio is between 1/2.6 and 1/3, 
w/b = 0.4, flexural strength still decreases with the increased FA replacement 
level. However, when the w/b ratio is increased to 0.5 and 0.6, not only the b/s 
ratio but also the FA replacement seems to have little effect on the flexural 
strength, as seen in Figure 93 and Figure 94.  
From Figure 95, the relationship between the flexural strength and varying w/b 
ratios can be observed. Similarly as with the compressive strength, an increase 
in the w/b ratio results in a decrease in flexural strength. It can also be observed 
that the difference in flexural strength caused by the w/b ratio effect is 7.09 MPa, 
nearly a 14% decrease between w/b = 0.4 and w/b = 0.5, 11.89 MPa, nearly a 
32% decrease between w/b = 0.4 and w/b = 0.6 at 15% FA replacement level 
respectively.  
Comparing Figure 92, Figure 93, Figure 94 and Figure 95, it can be observed 
that the highest flexural strength is recorded when FA=15%, b/s=1/2.6 and 
w/b=0.4 (Figure 92). 
 
Figure 92 Flexural strength of different FA replacement and b/s ratio mixes (w/b=0.4) 
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Figure 93 Flexural strength of different FA replacement and b/s ratio mixes (w/b=0.5) 
 
 
Figure 94 Flexural strength of different FA replacement and b/s ratio mixes (w/b=0.6) 
 
 
Figure 95 Flexural strength of different FA replacement and w/b ratio mixes (b/s=1/3) 
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6.3.5  Flexural modulus 
The FA replacement level and flexural modulus with varying b/s ratios and w/b 
ratios are shown in Figure 96, Figure 97 and Figure 98. When the w/b ratio is 
small (0.4), the flexural modulus still decreases with the increased FA 
replacement level when the b/s ratios are 1/2.6, 1/2.8 and 1/3 specified in 
Figure 96. The greater binder content included, the higher the flexural modulus, 
similar to the previous properties mentioned. However, when the w/b ratio is 
increased to 0.5 and 0.6, the lowest flexural modulus is not at the highest FA 
replacement level 60%, but at 30% or 45%. This might be because the specific 
surface area of FA is higher than that of cement (560 m2/kg compared to 400 
m2/kg, see Table 33), the bonding strength between the particles could be 
increased by larger specific surface area when FA replacement level is at 60% 
(Celik, 2009). Similarly, the water content is changed according to the binder 
content rather than the cement content. With more FA (up to 60%), the mass of 
the binder content is decreased at the same volume due to its lower bulk 
density (than cement, 800kg/m3 compared to 1400kg/m3, see Table 32) . Hence, 
the water content can be decreased if the w/b ratio is kept constant. Also, 
because the FA can improve the workability, the bonding strength can be 
increased.    
From Figure 96, Figure 97 and Figure 98, it can also be observed that the 
flexural modulus decreases with the decreased b/s ratio, no matter if the w/b 
ratio is lower (0.4) or higher (0.6).  It means that the greater the binder content, 
the greater the flexural modulus is.  
Same as with the other properties, the increased w/b ratio still decreases the 
flexural modulus when the FA replacement level and b/s ratio are kept constant, 
as expected (Figure 99).   
Due to the absence of wood soundboard data in the literature to which to 
compare, the preferred value of flexural modulus can be selected according to 
its definition mentioned in Section 2.3.3.5, i.e.  the lower the flexural modulus, 
the more flexible the material is. From Figure 96 to Figure 99, the mix with the 
lowest flexural modulus 65.43 GPa was w/b = 0.6, b/s = 1/3.4 and FA = 45%.  
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Figure 96 Flexural modulus of different FA replacement and b/s ratio mixes (w/b=0.4) 
 
 
Figure 97 Flexural modulus of different FA replacement and b/s ratio mixes (w/b=0.5) 
 
 
Figure 98 Flexural modulus of different FA replacement and b/s ratio mixes (w/b=0.6) 
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Figure 99 Flexural modulus of different FA replacement and w/b ratio mixes (b/s=1/3) 
 
6.3.6  Static modulus of elasticity 
Figure 100 to Figure 102 show the relationship between the elastic modulus 
and the percentage of cement replaced by FA. It is observed that the elastic 
modulus of three different b/s ratio mixes all decreased with the increasing FA 
replacement. The difference in elastic modulus caused by the b/s ratio is not 
substantial under any w/b ratio.  
 
Figure 100 Elastic modulus of different FA replacement and b/s ratio mixes (w/b=0.4) 
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Figure 101 Elastic modulus of different FA replacement and b/s ratio mixes (w/b=0.5) 
 
Figure 102 Elastic modulus of different FA replacement and b/s ratio mixes (w/b=0.6) 
 
 
Figure 103 Elastic modulus of FA replacement and w/b ratio mixes (b/s=1/3) 
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Similarly to the other properties, the increased w/b ratio also decreases the 
elastic modulus when FA replacement level and b/s ratio are kept constant 
(Figure 103). The lowest elastic modulus of 21.61 GPa was with w/b = 0.6, b/s = 
1/3.2, FA = 60%. 
 
6.3.7  Dynamic modulus 
The 28 day dynamic modulus in three directions with varying w/b ratios, b/s 
ratios and different FA volume replacements are illustrated in Figure 104, Figure 
105 and Figure 106. The three types of dynamic modulus all decrease with 
increasing FA content with different b/s ratios and w/b ratios. This is due to the 
slower hydration rate of FA compared with cement, hence the higher the FA 
content the greater the reduction in the dynamic modulus (Liu, 2009). In 
addition, the reduction in the transversal direction seems more effective than 
that in other two directions. For example, for mixes w/b=0.4 and b/s=1/2.8, the 
transversal dynamic modulus (Etr) decreased from 44.70GPa to 28.90GPa, a 
55% decrease, while the longitudinal dynamic modulus (El) decreased from 
42.17GPa to 39.23GPa, a reduction of about 7%, and the torsional dynamic 
modulus (Gto) decreased from 16.83GPa to 15.73GPa, a reduction of 7%.  
The b/s ratio has only a slight influence on the dynamic modulus, but it seems 
that the influence is increased when the w/b ratio increases up to 0.5 and 0.6 in 
the transversal direction. A higher sand content compared with the binder will 
give a higher dynamic modulus. But generally, the differences in dynamic 
modulus under different binder to sand ratios are small.  
The lowest elastic modulus of 21.65GPa was with w/b=0.6, b/s=1/3.2 and 
FA=60%.   
Figure 107 shows the influence of the dynamic modulus in three directions with 
different w/b ratios and FA replacement level. It can be observed that, as for 
previous properties, each of the three types of dynamic modulus (Etr, El, and 
Gto) also decrease with the increased w/c ratios at a certain binder to sand ratio. 
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Figure 104 (a) Transversal, (b) Longitudinal and (c) Torsional dynamic modulus of 
different FA replacement and b/s ratio mixes (w/b=0.4) 
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Figure 105 (a) Transversal, (b) Longitudinal and (c) Torsional dynamic modulus of 
different FA replacement and b/s ratio mixes (w/b=0.5) 
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Figure 106 (a) Transversal, (b) Longitudinal and (c) Torsional dynamic modulus of 
different FA replacement and b/s ratio mixes (w/b=0.6) 
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Figure 107 (a) Transversal, (b) Longitudinal and (c) Torsional dynamic modulus of 
different FA replacement and w/b ratio mixes (b/s=1/3) 
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6.4  Effect on acoustic properties of FA incorporated 
mortar 
This section examines the effect of the selected constituents and parameters 
mentioned in Section 6.1 on the acoustic properties. Their relationship will be 
presented and discussed, and related to the physical/mechanical properties 
discussed in Section 6.3.    
 
6.4.1 Speed of sound 
The relationship between the FA replacement level and the speed of sound with 
varying b/s ratios and w/b ratios, and three different frequencies is shown from 
Figure 108 to Figure 114. Figure 108 and Figure 109 shows that with the w/b 
ratio fixed (0.4 in this case), the speed of sound decreases as the FA 
replacement increases, regardless of the mixes with different b/s ratios under 
the same frequencies (Figure 108), or the same b/s ratio under different 
frequencies (Figure 109). From Figure 108, the difference amongst (a), (b) and 
(c) is the different frequency when the specimens were measured. It exhibits 
that no matter the frequencies under which the specimen was measured, with 
the decreased b/s ratio (increased sand content) the speed of sound all 
increased. This might be due to the higher elastic modulus of sand relative to 
the paste, or in other words, sound wave moving faster in solid materials. 
However, this difference of speed of sound caused by the b/s ratio is still not 
substantial. For example, in Figure 108 (a), when w/b=0.4, FA=15% at 24 kHz, 
with the increased b/s ratio from 1/3 to 1/2.6, the speed of sound is decreased 
from 4695 m/s to 4590 m/s, only a 2% decrease.   
From Figure 109, it can also be seen that with the b/s ratio increased (sand 
content increased) from (a) to (c), there is no big influence from the increased 
frequencies on the speed of sound.   
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Figure 108 (a) 24 kHz, (b) 54 kHz and (c) 500 kHz speed of sound with different b/s 
ratios, FA replacement and same frequency (w/b=0.4) 
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Figure 109 (a) b/s=1/2.6, (b) b/s=1/2.8 and (c) b/s=1/3 speed of sound with different FA 
replacement, frequencies and same b/s ratio (w/b=0.4) 
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From Figure 110 and Figure 111, when the w/b ratio is increased to 0.5, the b/s 
ratios are also correspondingly changed to satisfy the workability. Same as for 
Figure 108 and Figure 109, the increased FA replacement level still decreases 
the speed of sound. But with the b/s ratio decreased (sand content increased) 
at w/b=0.5, the values of speed of sound are all decreased in general compared 
with the values of speed of sound measured when w/b=0.4. In addition, the 
influence on the speed of sound from different frequencies is still not significant, 
no matter if the b/s ratio is changed, as shown in Figure 110 (a), (b) and (c). 
Another difference is that when the w/b ratio is increased to 0.5, the lower sand 
content can have a higher value of speed of sound when FA is at 15% 
replacement level. This can be observed from Figure 110 (a), (b) and (c).    
From Figure 111, it still can be observed that with the b/s ratio increased (sand 
content increased) from (a) to (c), there is no big influence from the increased 
measured frequencies on the speed of sound. 
In Figure 112 and Figure 113, due to the w/b ratio being increased up to 0.6, the 
relationship between the speed of sound and FA replacement are different from 
the mixes with w/b=0.4 and w/b=0.5. The mixes with b/s=1/3.2 exhibits a stable 
decrease of speed of sound with the FA replacement increasing, compared with 
the mixes with b/s=1/3 and b/s=1/3.4. When the speed of sound measured 
under 54 kHz and 500 kHz shown in Figure 112 (b) and (c), and Figure 113 (a) 
and (c), the mixes with b/s=1/3 and b/s=1/3.4 also exhibit an increase of speed 
of sound when FA replacement over 30%. The decreased relationship between 
the speed of sound and FA replacement mentioned previously does not seem 
to be changed when all the mixes (w/b=0.6) are tested under a frequency of 24 
kHz.  
In addition, the mix with b/s=1/3.2 shows higher values of speed of sound than 
the mix b/s=1/3 and b/s=1/3.4 when the FA replacement level varies from 15% 
to 45%, no matter the frequencies under which the specimens were measured. 
This is not following the trend mentioned previously when w/b=0.4 and w/b=0.5.  
Then, when the FA is at 60%, the decreased b/s ratio (increased sand content) 
increases the speed of sound again. The largest value of speed of sound 
among these mixes occurred when w/b =0.4, b/s =1/3 and FA =15%, 500 kHz.  
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Figure 110 (a) 24 kHz, (b) 54 kHz (c) 500 kHz speed of sound with different b/s ratios, 
FA replacement and same frequency (w/b=0.5) 
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Figure 111 (a) 24 kHz (b) 54 kHz and (c) 500 kHz speed of sound with different FA 
replacement, frequencies and same b/s ratio (w/b=0.5) 
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Figure 112 (a) 24 kHz, (b) 54 kHz and (c) 500 kHz speed of sound with different b/s 
ratios, FA replacement and same frequency (w/b=0.6) 
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(a) 
 
(b) 
 
(c) 
Figure 113 (a) 24 kHz, (b) 54 kHz and (c) 500 kHz speed of sound with different FA 
replacement, frequencies and same b/s ratio (w/b=0.6) 
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(a) 
 
(b) 
 
(c) 
Figure 114 (a) 24 kHz, (b) 54 kHz and (c) 500 kHz speed of sound with different w/b 
ratios, FA replacement and same frequency (b/s=1/3) 
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From Figure 114 (a), (b) and (c), it can be observed that the speed of sound 
decreases with the increased w/b ratio, no matter the frequencies under which 
the specimens were measured, when the FA replacement and b/s ratio are 
fixed.  
 
6.4.2  Vibration damping 
The Quality factor Q was used to measure the damping effect of the specimens. 
The quality factor Q is the reciprocal of the vibration damping value tan 𝛿.  
From Figure 115 to Figure 118, the relationships between the Q factor and the 
different mix designs are presented. As observed in Figure 115, with increased 
FA replacement, the Q factor decreases, hence the vibration damping is 
increased. As the b/s ratio decreases (from b/s=1/2.6, b/s=1/2.8 to b/s=1/3) the 
Q increases, hence decreasing the vibration damping. It means that the 
vibration damping is decreased with the increased sand content (the lowest b/s 
ratio among these three b/s ratios mentioned in Figure 115) when w/b=0.4.  As 
explained in Section 5.5.1, the internal damping can be explained by the 
bonding strength between the particles. In this case, it can be explained that the 
lower w/b ratio and greater sand content (lower b/s ratio) can lead to the sand 
coated with less binder, hence reducing the bond strength between particles.     
 
Figure 115 Damping with different FA replacement and b/s ratios (w/b=0.4) 
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When the w/b ratio is increased to 0.5 (Figure 116), the Q factor still decreases 
with increased FA replacement levels. However, in this case, the mix with the 
middle level of b/s ratio (1/3), not with the larger value of b/s ratio 1/2.8, results 
in the highest Q factor value, or the lowest vibration damping, amongst the 
three b/s ratios mixes. It can be deducted that for w/b 0.6, it is more likely that 
the mix with the largest value of b/s ratio 1/3 should have the highest Q factor 
value, or the lowest vibration damping, amongst these three b/s ratio mixes, as 
Figure 117 confirms. After comparing Figure 115, Figure 116 and Figure 117, it 
can also be observed that when the FA% is fixed, the influence of the increased 
sand content combined with the increased w/b ratio on the Q factor or vibration 
damping, is increasing. For example, when FA=15%, w/b=0.4, the Q factor 
decreases from 65.5 to 60.24, up to a 9% decrease, with the b/s ratio changed 
from 1/3 to 1/2.6. While the Q factor decreases from 57.23 to 49.87, up to a 15% 
decrease and from 52.43 to 39.13 up to a 34% decrease when w/b=0.5 and 
w/b=0.6 respectively.  The highest Q factor, or lowest vibration damping, is 
60.24 (tan 𝛿 = 0.0166) when w/b=0.4, FA=15% and b/s=1/2.6. 
 
Figure 116 Damping of different FA replacement and b/s ratios (w/b=0.5) 
 
In Figure 118, the effect of the w/b ratio to the Q factor is illustrated. It can be 
observed that increased w/b ratios reduce the Q value, hence to increase the 
damping. But when b/s=1/3, the reduction of the Q factor caused by the w/b 
ratios and FA replacement are very close. These reductions are from 65.50 to 
49.15, a 33% decrease, from 57.23 to 43.25, a 32% decrease, and from 52.43 
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to 40.93, a 28% decrease when w/b=0.4, w/b=0.5 and w/b=0.6 respectively. 
The FA replacement level is calculated from 15% to 45%. 
 
Figure 117 Damping of different FA replacement and b/s ratios (w/b=0.6) 
 
 
Figure 118 Damping of different FA replacement and w/b ratios (b/s=1/3) 
 
6.4.3 Resonant frequency 
In Figure 119, Figure 120 and Figure 121, the effect of varying the w/b ratios, 
b/s ratios and FA replacement levels on the resonant frequencies in transversal, 
longitudinal and torsional directions are illustrated. It can be observed that 
nearly all the transversal, longitudinal and torsional resonant frequencies 
decrease with increasing FA replacement, except for one mix, w/b=0.6, 
b/s=1/3.4 and FA=60%, in transversal direction. This trend is similar as dynamic 
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modulus shown in Figure 104 to Figure 106. It can be observed that the b/s 
ratio has only a slight influence on the resonant frequency, for example in 
Figure 119 (b) w/b=0.4, when the b/s ratio is changed from 1/2.6 to 1/3, the 
longitudinal resonant frequency changes from 13364 Hz to 13528 Hz, a 1% 
increase. This influence caused by the b/s ratio is minor. Similar as with the 
dynamic modulus, but the influence is increased when the w/b ratio increased 
up to 0.5 and 0.6 in transversal direction. But in general, the differences in 
resonant frequencies between different binder to sand ratios are minor.  
In Figure 122, the effect of the w/b ratio on the resonant frequency in three 
directions is illustrated. It shows that the resonant frequencies with different 
directions are all decreased with the increased w/b ratio. When FA=15%, the 
changes of resonant frequency caused by the change in w/b ratio from 0.4 to 
0.6 are 40%, 12% and 14% in the transversal, longitudinal and torsional 
directions respectively. Similar as with other FA replacement levels, the 
changes caused by the w/b ratio to the resonant frequency is more obvious in 
transversal direction.     
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(a) 
 
(b) 
 
(c) 
Figure 119 (a) Transversal, (b) longitudinal and (c) torsional resonant frequency with 
different FA replacement and b/s ratios (w/b=0.4) 
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(a) 
 
(b) 
 
(c) 
Figure 120 (a) Transversal, (b) longitudinal and (c) torsional resonant frequency with 
different FA replacement and b/s ratios (w/b=0.5) 
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(a) 
 
(b) 
 
(c) 
Figure 121 (a) Transversal, (b) longitudinal and (c) torsional resonant frequency with 
different FA replacement and b/s ratios (w/b=0.6) 
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(a) 
 
(b) 
 
(c) 
Figure 122 (a) Transversal, (b) longitudinal and (c) torsional resonant frequency with 
different FA replacement and w/b ratios (b/s=1/3) 
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6.5  Relationship between acoustic properties and 
physical/mechanical properties 
In Sections 6.3 and 6.4, a relationship has been presented between the mix 
design and the physical/mechanical properties, and the mix design and the 
acoustic properties. In this section, the relationship between the 
physical/mechanical properties and the acoustic properties will be presented 
and discussed. Hence the relationship between constituents, 
physical/mechanical and acoustic properties can be investigated.  
 
6.5.1  Static modulus of elasticity 
The relationship between elastic modulus and the three acoustic properties, 
speed of sound, vibration damping and resonant frequency, are discussed in 
this section.  
 Speed of sound 
 
Figure 123 Relationship between the speed of sound and static modulus of elasticity 
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to build the relationship with the elastic modulus. In Figure 123, the relationship 
between the speed of sound and elastic modulus is plotted.   
As presented in Section 2.2.3.3, the relationship between the speed of sound 𝐶 
and elastic modulus 𝐸   can be simplified as Eq.(65) (Fletcher and Rossing, 
2010; Kinsler et al., 2000).  
 
𝐶 = √
𝐸
𝜌
 (65) 
Where 𝐸  is the elastic modulus of material, N/mm2, 𝜌  is the density of the 
material kg/m3. 
In order to investigate whether the properties of concrete also follow the same 
expression as Eq. (65), the following data analysis has been performed.  
 
Figure 124 Relationship between speed of sound and SQ root of static modulus of 
elasticity 
 
 
In Figure 124, with a linear regression R2 of 0.86, the mathematical equation 
between speed of sound C and SQ root of static modulus of elasticity can be 
considered in the format of:  
 
C = (
k
√𝜌
) ∙ √𝐸𝑐 +  C0 (66) 
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 Through using the solver add-in analysis (Section 4.11), satisfying the 
minimum residual sum of the squares (least square regression analysis, Section 
3.3.4), the following optimized equation has been determined: 
 
C = (
1
√ρ
) ∙ √𝐸𝑐 + 882.36 (67) 
By inputting experimental data ρ into this optimized Eq. (67), the predicted value 
of C can be calculated. In Figure 125, it can be clearly seen that the predicted 
value C and observed value C are distributed uniformly along the identity line. 
The R2 of the regression line is up to 0.80. And the fitted equation y = 0.99x and 
the identity line y = x almost coincide with each other. This indicates that the 
Eq. (67) is evaluated large positively fitted to the experimental data. The error 
might be due to that the fitted equation is also developed and based on the 
simplified Eq. (65) regarding to the relationship between speed of sound and 
elastic modulus.   
This finding shows that there is a correlation between C and 𝐸𝑐 . Eq. (67) 
illustrates a linear relationship between C and √𝐸𝑐, which is different from Eq. 
(65). The dynamic modulus of elasticity is also applied and fitted in Section 
6.5.2 with this analysis.  
 
Figure 125 Prediction and observation value plot 
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 Vibration damping 
The correlation between the Q factor and elastic modulus is presented in Figure 
126. It can be observed that the relationship between Q factor and elastic 
modulus is much weaker. 
 
Figure 126 Correlation between Q factor and static modulus of elasticity 
 
 Resonant frequency 
As mentioned in the methodology Section 4.10.2., according to ASTM C215-08, 
three types of resonant frequency under different directions were measured. 
According to Eq.(60), Eq.(61) and Eq.(62), it can be seen that three types of 
dynamic modulus are all a function of the fundamental resonant frequency and 
the dimensions of the sample etc.. As concrete/mortar has an intrinsic 
heterogeneous microstructure and dispersive behaviour of the cementitious 
materials, Donà et al. (2015) have proved this by using ultrasonic pulse velocity 
(UPV) inspection techniques (the propagation of elastic waves). Hence the 
correlation between elastic modulus and three resonant frequencies are also 
explored in this section, illustrated in Figure 127 (a), (b) and (c), and will be 
compared to the correlation between resonant frequency and the dynamic 
modulus in Section 6.5.2.. It can be seen that the classifications reflected in 
Figure 127 (a) will be discussed in Section 6.5.8. As shown in Figure 127 (b) 
and (c), the linear regression line with R2 up to 0.81 suggests that there is linear 
correlation between resonant frequencies and elastic modulus in a higher 
degree up to 80%. Different correlation patterns reflected in Figure 127 (a), (b) 
and (c) also prove the dispersion behaviour of the cementitious material (Donà 
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et al., 2015). Besides, this result is also consistent with the discussion in 
Section 6.3.6 (correlation between mix parameters and static modulus) and 
Section 6.4.3 (correlation between mix parameters and resonant frequency) and 
prove that the static modulus can be controlled by manipulating the mix design 
parameters, which have influence on the static modulus, by the resonant 
frequency method.   
 
6.5.2 Dynamic modulus 
The relationship between the dynamic modulus and the three acoustic 
properties of speed of sound, vibration damping and resonant frequency are 
discussed in this section.  
 
 Speed of sound 
As mentioned in Section 6.5.1, the speed of sound measured under 24 kHz is 
applied to construct the relationship with longitudinal dynamic modulus and the 
same data analysis is performed. As mentioned previously, in order to also try 
to compare with elastic modulus later, which is measured from the compressive 
load upon the bottom and top surface of cylinders, the dynamic modulus in the 
longitudinal direction measured from one side to the other side along the whole 
specimen is used here. From Figure 128, it clearly shows a linear trend 
between the speed of sound and longitudinal dynamic modulus. 
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(a) Transversal resonant frequency 
 
(b) Longitudinal resonant frequency 
 
(c) Torsional resonant frequency 
Figure 127 Correlation between resonant frequency, (a) transversal (b) longitudinal (c) 
torsional and static modulus of elasticity  
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Figure 128 Relationship between the speed of sound and dynamic modulus of elasticity 
(Longitudinal direction)  
 
 
Figure 129 Relationship between the speed of sound and SQ root of dynamic modulus 
 
In Figure 129, the mathematical equation between speed of sound and SQ root 
of dynamic modulus can be considered in the format of: 
 
C = (
k
√ρ
) ∙ √𝐸𝑑 + C0 (68) 
Through using the same analysis (solver add-in) for elastic modulus as in 
Section 6.5.1, the following optimized Eq. (69) can be determined. 
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C = (
1
√ρ
) ∙ √𝐸𝑑 + 0 = √
𝐸𝑑
ρ
 (69) 
By inputting data ρ into this optimized Eq. (69), the predicted value of C can be 
calculated. In Figure 130, it can be clearly seen that the predicted value C and 
observed value C are uniformly distributed along the identity line y = x. With the 
R2 of the regression line up to 0.89, this indicates that the fitted line y = 0.99x 
large positively reflect these data and is so close to the identity line.   
This finding also shows that there is correlation between C and 𝐸𝑑 . Eq. (69) 
illustrates a linear relationship between C and 𝐸𝑑, which is exactly the same as 
Eq. (65). Also the Eq. (65) can be used more adequately when 𝐸 is measured 
dynamically. 
 
Figure 130 Prediction and observation value plot 
 
 Vibration damping 
The correlation between the Q factor and the dynamic modulus is presented in 
Figure 131. As can be observed, a weak correlation exists between the 
properties.  
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Figure 131 Correlation between Q factor and dynamic modulus 
 
 Resonant frequency 
The dynamic and static modulus tests confirmed that the values for modulus of 
elasticity 𝐸  values vary, depending on method of measurement. To obtain a 
better understanding of dynamic tests (based on vibration mode and wave 
propagation) used to compute the dynamic modulus 𝐸𝑑 , and to fulfil the 
knowledge as a reference for other researchers, a comparison of the correlation 
of static modulus and resonant frequency, and dynamic modulus and resonant 
frequency are discussed here. Since the dynamic modulus is measured based 
on the resonant frequency method, resonant frequencies should correlate to 
their corresponding dynamic modulus. In order to compare with the static 
modulus the plots of correlation between three types of resonant frequencies 
and longitudinal dynamic modulus are illustrated in Figure 132 (a) and (b). It can 
be seen that there are also classifications reflected in Figure 132 (a) which will 
be discussed in detail in Section 6.5.8. As shown in Figure 132 (b), the linear 
regression line with R2 up to 0.99 suggests that there is a strong linear 
correlation between resonant frequencies and the longitudinal dynamic modulus 
than the correlation between resonant frequency and static modulus. Same as 
static modulus, this result can also prove that the dynamic modulus can be 
controlled by manipulating the mix design parameters, which have influence on 
the dynamic modulus, by the resonant frequency method.      
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(a) Transversal resonant frequency 
 
(b) Longitudinal resonant frequency 
Figure 132 Correlation between resonant frequency (a) transversal (b) longitudinal and 
dynamic modulus of elasticity (longitudinal direction) 
 
6.5.3  Compressive strength 
The relationship between compressive strength and the three acoustic 
properties of speed of sound, vibration damping and resonant frequency are 
discussed in this section.  
 Speed of sound 
The speed of sound measured under 24 kHz is applied to build the relationship 
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2.2.4) can be used to estimate the strength of both in situ and precast concrete. 
However, the relationship between the strength and the pulse velocity is not 
unique. Due to it is affected by many factors e.g. aggregate size, type and 
content; cement type and content; water-cement ratio; and moisture content 
(Anderson and Seals, 1981; Malhotra and Sivasundaram, 2004; Sturrup et al., 
1984).  
In this section, the same recommended practices to BS EN 12504-4:2004 is 
used to develop the specific relationship between the compressive strength and 
the speed of sound of FA-mortar mix. The aim however, is to develop how to 
use the regression model to estimate the speed of sound from the compressive 
strength and to establish the relationship between the compressive strength and 
the speed of sound.   
 
Figure 133 Correlation between the speed of sound and compressive strength 
  
 Vibration damping 
The correlation between the Q factor and the compressive strength is presented 
in Figure 134. The correlation between them is very weak. 
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Figure 134 Correlation between damping and compressive strength 
 
 Resonant frequency 
Hardness was considered as one of the significant properties related to the 
acoustic properties of a resonant sound board (see Table 5). As a synthetic 
complex factor related to many other mechanical properties, such as strength, 
modulus etc. (see Section 4.9.2), the relationship between resonant frequency 
and compressive strength is necessary to be evaluated. The correlation 
between three types of resonant frequencies and compressive strength are 
illustrated in Figure 135 (a), (b) and (c). From these figures, it can be seen that 
there are classifications reflected in Figure 135 (a) which will be discussed in 
detail in Section 6.5.8. As shown in Figure 135 (b) and (c), the linear regression 
line with R2 up to 0.86 indicates that there is large positively linear correlation 
between resonant frequencies and compressive strength. This might be due to 
the strong correlation between compressive strength and dynamic modulus, or 
compressive strength and speed of sound. While both of them, dynamic 
modulus and speed of sound, have a strong relationship with resonant 
frequency. From the perspective of material composition, this might be due to 
that both the w/b ratio and FA% have the strong effect on all above mentioned 
properties. Hence compressive strength can be predicted by manipulating these 
mix design parameters or these related properties by the resonant frequency 
method, such as to build a relationship between resonant frequency and water 
content (Liu et al., 2010) or to build relationship between resonant frequency 
and other properties (Toh et al., 2012).    
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(a) Transversal resonant frequency 
 
(b) Longitudinal resonant frequency 
 
(c) Torsional resonant frequency 
Figure 135 Correlation between resonant frequency (a) transversal (b) longitudinal (c) 
torsional and compressive strength 
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6.5.4  Density 
The relationship between density and three acoustic properties, speed of 
sound, vibration damping and resonant frequency, are discussed in this section.  
 Speed of sound 
Speed of sound measured under 24 kHz are still applied to build the relationship 
with density shown in Figure 136. As investigated in the Section 6.5.1 and 6.5.2, 
the density has been involved in the regression equation of speed of sound and 
modulus of elasticity. In this section, a simple regression equation will be build 
up to reconfirm that there is a relationship between speed of sound and density. 
The R2 of the regression line is 0.42. This indicates that there is correlation 
between speed of sound and density but not in the linear relationship, the data 
is not well fitted by the linear equation but the Eq. (65) is better fitted. 
 
Figure 136 Correlation between speed of sound and density 
 
 Vibration damping 
The correlation between the Q factor and density is presented in Figure 137. As 
can be observed, a weak correlation exists between the properties. 
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Figure 137 Correlation between damping and density 
 
 Resonant frequency 
Same as modulus of elasticity and compressive strength, the correlation 
between resonant frequency and density is investigated in this section. 
According to the different measured directions, three types of resonant 
frequencies are correlated to the density respectively illustrated in Figure 138 
(a), (b) and (c). There are classifications reflected in Figure 138 (a) which will be 
discussed in detail in Section 6.5.8. As shown in Figure 138, the linear 
regression line with R2 up to 0.44 and 0.41 tells that there is correlation between 
resonant frequency and density, but and not in linear relationship. And the effect 
of density to the resonant frequency is also not huge if compared with the effect 
of modulus of elasticity. The data is not well fitted by the linear equation, but the 
Eq. (61) mentioned in Section 4.9.6 is better fitted. 
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(a) Transversal resonant frequency 
 
(b) Longitudinal resonant frequency 
 
(c) Torsional resonant frequency 
Figure 138 Correlation between resonant frequency (a) transversal (b) longitudinal (c) 
torsional and density 
4000
4500
5000
5500
6000
6500
2100 2150 2200 2250 2300
f t
r
H
z
ρ kg/m3
y = 11.314x - 12323
R² = 0.44
11000
11500
12000
12500
13000
13500
14000
2100 2150 2200 2250 2300
f l
H
z
ρ kg/m3
y = 7.5362x - 9338.7
R² = 0.41
6000
6500
7000
7500
8000
8500
2100 2150 2200 2250 2300
f t
o
H
z
ρ kg/m3
                                                                                             
261 
 
Experimental programme II: mortar with fly ash 
6.5.5  Flexural strength 
The relationship between flexural strength and three acoustic properties of 
speed of sound, vibration damping and resonant frequency are discussed in this 
section.  
 Speed of sound 
The value of speed of sound measured under 24 kHz  are still used in this 
analysis. It has been widely proved that there is strong relationship between 
speed of sound and compressive strength. From Figure 139 the correlation 
between the speed of sound and flexural strength, the value of R2, 0.42, 
indicates that there is correlation between them but with weak chance in linear 
relationship.   
 
Figure 139 Correlation between the speed of sound and flexural strength 
 
 Vibration damping 
The correlation between Q factor and flexural strength is presented in Figure 
140. The correlation between them is very weak. 
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Figure 140 Correlation between damping and flexural strength 
 
 Resonant frequency 
Same as the discussion in the Section 6.5.1 and 6.5.3, flexural strength is also 
a related mechanical property determining the hardness of a material (see 
Section 4.9.2). Hence, it is still worthy to investigate whether there is a 
correlation between flexural strength and resonant frequency, and explore 
whether flexural strength is also dependant on the directionality of the resonant 
frequency like modulus of elasticity. Three types of resonant frequencies 
measured from different directions are correlated to the resonant frequency 
respectively illustrated in Figure 141 (a), (b) and (c). There are classifications 
reflected in Figure 141 (a) which will be discussed in detail Section 6.5.8. As 
shown in Figure 141, there is correlation shown between resonant frequencies 
and flexural strength, but with the linear regression line with R2 to 0.35 
indicating weak linear relationship.  
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(a) Transversal resonant frequency 
 
(b) Longitudinal resonant frequency 
 
(c) Torsional resonant frequency 
Figure 141 Correlation between resonant frequency (a) transversal (b) longitudinal (c) 
torsional and flexural strength 
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6.5.6  Flexural modulus 
The relationship between flexural modulus and three acoustic properties, speed 
of sound, vibration damping and resonant frequency, are discussed in this 
section.  
 Speed of sound  
Speed of sound measured under 24 kHz are still applied to build the relationship 
with flexural modulus shown in Figure 142. From the figure, it can be observed 
that there is correlation between speed of sound and flexural modulus, but R2 of 
the regression line, 0.54, indicating a weaker linear relationship.  
 
Figure 142 Correlation between speed of sound and flexural modulus 
 
 Vibration damping 
The correlation between Q factor and flexural modulus is presented in Figure 
143. As shown in the figure, there is no correlation between them. 
y = 12.247x + 3293.8
R² = 0.54
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
0 50 100 150
C
 m
/s
Ebend GPa
                                                                                             
265 
 
Experimental programme II: mortar with fly ash 
 
Figure 143 Correlation between Q factor and flexural modulus 
 
 Resonant frequency 
Same as the previous discussion in the Section 6.5.1 and 6.5.3, the correlation 
between resonant frequency and flexural modulus, and directionality effect is 
also investigated in this section. According to the different measured directions, 
three types of resonant frequencies are correlated to the flexural modulus 
respectively illustrated in Figure 144 (a), (b) and (c). There are classifications 
reflected in Figure 144 (a) which will be discussed in detail in Section 6.5.8. As 
shown in Figure 144, there is correlation between resonant frequencies and 
flexural modulus, but the linear regression line with R2 up to 0.48 and 0.46 
indicating a weaker linear relationship.  
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(a) Transversal resonant frequency 
 
(b) Longitudinal resonant frequency 
 
(c) Torsional resonant frequency 
Figure 144 Correlation between resonant frequency (a) transversal (b) longitudinal (c) 
torsional and flexural modulus 
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6.5.7  Hardness 
The relationship between hardness and three acoustic properties, speed of 
sound, vibration damping and resonant frequency, are discussed in this section.  
 Speed of sound 
The value of speed of sound measured under 24 kHz  are still used in this 
analysis. It has been widely proved that there is strong relationship between 
speed of sound and compressive strength, so as compressive strength and 
hardness. From Figure 145, there is correlation between speed of sound and 
hardness, but the value of R2 of the linear fitted regression line, 0.81, suggesting 
a large positively linear relationship.   
 
Figure 145 Correlation between the speed of sound and hardness 
 
 Vibration damping 
The correlation between Q factor and hardness is presented in Figure 146. As 
observed in the figure, there is no correlation between them. 
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Figure 146 Correlation between damping and hardness 
 
 Resonant frequency 
Same as the previous discussion in the Section 6.5.1 and 6.5.3, the correlation 
between resonant frequency and hardness, and directionality effect is also 
investigated in this section. According to the differently measured directions, 
three types of resonant frequencies are correlated to the flexural modulus 
respectively illustrated in Figure 147 (a), (b) and (c). There are classifications 
reflected in Figure 147 (a) which will be discussed in detail in Section 6.5.8. As 
shown in Figure 147, there is correlation between resonant frequencies and 
hardness, and the linear regression line with R2 up to 0.83 suggesting a large 
positively linear relationship.  
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(a) Transversal resonant frequency 
 
(b) Longitudinal resonant frequency 
 
(c) Torsional resonant frequency 
Figure 147 Correlation between resonant frequency (a) transversal (b) longitudinal (c) 
torsional and hardness 
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6.5.8  Classification related to transversal resonant 
frequency 
In sections 6.5.1 to 6.5.7, there is a classification phenomenon happened in 
each graph related to transversal resonant frequency. They are Figure 127 (a), 
Figure 132 (a), Figure 135 (a), Figure 138 (a), Figure 141 (a), Figure 144 (a), 
Figure 147 (a). These figures all have a commonality that there are two series 
of data, separated by the transversal resonant frequency at 5000 Hz.   
When these data are referred to the mix design, the data over the frequency 
5000 Hz are highlighted in Table 45. 
Table 45 Highlighted mix design reflecting the data over frequency 5000 Hz  in 
transversal direction. 
  
Table 45 indicates that in general, specimens with lower FA replacement have a 
higher transversal frequency over 5000 Hz, no matter whether the w/b ratio is 
high or low. For the low w/b ratio (w/b=0.4), nearly all the specimens with 
different replacement of FA are showing the high transversal resonant 
frequency over 5000 Hz except when FA replacement is 60%.  
When the w/b ratios are increasing (up to 0.5 and 0.6), it is apparent from Table 
45 that the mixes with 15% of FA replacement are having the high transversal 
resonant frequency over 5000 Hz. Except for w/b  0.5 and b/s 1:3.2 with 30% 
FA replacement and w/b  0.6 and b/s 1:3.4 with 60% FA replacement. 
In addition, the mix w/b=0.6, b/s=1:3 and FA=15% is showing the transversal 
resonant frequency under 5000 Hz. 
w/b
b/s
fly ash vol. 15 30 45 60 15 30 45 60 15 30 45 60
w/b
b/s
fly ash vol. 15 30 45 60 15 30 45 60 15 30 45 60
w/b
b/s
fly ash vol. 15 30 45 60 15 30 45 60 15 30 45 60
1:2.8 1:3 1:3.2
0.6
1:3 1:3.2 1:3.4
0.4
1:2.6 1:2.8 1:3
0.5
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These findings are consistent with the previous findings mentioned in the 
relationship between the mix design and acoustic properties – frequency in 
experimental programme I: preliminary. That is:  
w/b ratio has the negative correlation with frequency, so as the transversal 
resonant frequency. The mixes with w/b=0.4 have more specimens with higher 
transversal resonant frequency over 5000 Hz than the mixes with w/b=0.5 or 
0.6.  
FA replacement has a negative correlation with frequency. When w/b=0.4, the 
more FA replacement included, 60% of FA replacement, the frequency is below 
5000 Hz. They are not highlighted in Table 45. So as the mixes with w/b=0.5 
and w/b=0.6, only the mixes with less FA replacement 15% have more 
possibilities having the frequency over 5000 Hz . The exceptions will be 
discussed below.     
The b/s ratio has a negative correlation with frequency. This would explain 
mixes w/b=0.5, b/s=1:3.2, FA=30%; and w/b=0.6, b/s=1:3.4, FA=60%. When 
the value of b/s is nearer to 1:3.2 or 1:3.4 (compared with 1:2.8), the material 
would be more likely to have a higher frequency.   
For mix w/b=0.6, b/s=1:3, FA=15%, this would be the case that this mix has not 
only the bigger value of w/b ratio up to 0.6, but also a bigger value of b/s ratio 
compared with its corresponding mixes. Hence it would be more likely to have 
lower frequency. 
These mixes have been classified and applied into Figure 148: 
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                                      (a)                                                                        (b) 
 
                                (c)                                                                        (d) 
Figure 148 Confirmation of the relationship between the transversal resonant 
frequency, other properties and mix designs:  (a ) Density; (b) longitudinal dynamic 
modulus; (c) elastic modulus; and (d) compressive strength.  
  
In Figure 148, all the data with frequency higher than 5000 Hz are from the 
mixes highlighted in Table 45.  
As illustrated in Figure 148(a), it can be observed that frequency and density 
have nearly the zero correlation when it is under classification. But in Figure 148 
(b), (c) and (d), it is apparent that transversal resonant frequency has strong 
positive correlation with longitudinal dynamic modulus, so as compressive 
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strength; as for elastic modulus, there is the correlation but not in linear 
relationship.  
 
6.6 Summary 
In Chapter 6, FA-mortar concerning three parameters, w/b ratio, b/s ratio and 
FA replacement content, have been investigated upon the physical/mechanical 
properties and acoustic properties. Through adjusting w/b ratio, b/s ratio and FA 
replacement level, 1122 testing results have been collected. Then the 
interaction effect of these three factors on the selected properties can be 
discovered. These are mainly mentioned in Section 6.3 and 6.4. In Section 6.5, 
through regression analysis, the relationship between the physical/mechanical 
properties and acoustic properties have been determined. A summary is 
generated to help clarify the interaction effect of mix design constituents on 
mechanical/physical and acoustic properties, which are shown below in a 
bulleted list. The correlation between the physical/mechanical properties and 
acoustic properties are summarized and shown in Table 46. 
A summary of relationship between mix design constituents and 
physical/mechanical properties and acoustic properties are shown below: 
1. w/b ratio effect 
Except to density, w/b ratio has significant negative effect on all other properties 
(physical/mechanical and acoustical properties), no matter the changes of 
replacement level of FA and b/s ratios;  
2. FA replacement level effect 
 The properties on which FA replacement level have the pure negative 
effect no matter the changes of w/b ratios and b/s ratios are compressive 
strength, hardness, and vibration damping;  
 For density, FA replacement levels have little effect on it;  
                                                                                             
274 
 
Experimental programme II: mortar with fly ash 
 For flexural strength, When b/s ratio is between 1/2.6 and 1/3, w/b = 0.4, 
the increased FA replacement level still decreases the value of flexural 
strength. However, when w/b ratio is increased to 0.5 and 0.6, not only 
FA replacement but also b/s ratio seems to have little effect on the 
changes of flexural strength;  
 For flexural modulus, the increased FA replacement level still decrease 
the flexural modulus at lower w/b ratio 0.4, however, when w/b ratio is 
increased to 0.5 and 0.6, the lowest flexural modulus does not occur at 
the highest FA replacement level 60% but at 30% or 45%; 
 For elastic modulus, they are all decreased with the increasing FA 
replacement no matter how b/s ratios and w/b ratios change; 
 The reduction of transversal dynamic modulus (Etr) caused by increment 
of FA replacement seems more effective than that in other two directions 
(longitudinal and torsional), no matter how b/s ratios and w/b ratios 
change;  
 Speed of sound are decreased with the FA replacement increased, and 
no matter the mixes are with different b/s ratios under same frequencies 
or the same b/s ratio under different frequencies when w/b ratio is either 
0.4 or 0.5. But when w/b ratio is increased to 0.6, the mixes with b/s=1/3 
and b/s=1/3.4 exhibits nearly u shaped relationship between speed of 
sound and FA replacement measured under frequency 54 kHz and 500 
kHz. The demarcation point is at when the FA replacement equals to 
30%. The decreased relationship between speed of sound and FA 
replacement does not seem to be changed when all the mixes (w/b=0.6) 
are tested under frequency 24 kHz; 
 Nearly all the transversal, longitudinal and torsional resonant frequencies 
are decreased with the increasing FA replacement, no matter the 
changed w/b ratios and b/s ratios, except one mix, w/b=0.6, b/s=1/3.4 
and FA=60% in transversal direction, which is not following this trend. 
3.  b/s ratio effect 
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 b/s ratio has effect on most properties (physical/mechanical and 
acoustic) but little effect on density, flexural strength, elastic modulus and 
resonant frequency; 
 The difference of compressive strength caused by different b/s ratios is 
decreased with w/b ratio increased when FA replacement level is fixed. 
When w/b ratio is fixed at 0.4 or 0.5, the higher the binder content the 
higher the strength is that decreased b/s ratio decrease the compressive 
strength. But when w/b ratio is increased to 0.6, the high content of water 
can lead to compressive strength decreased even when b/s ratio is in 
higher value;  
 The b/s ratio effect on hardness is more apparent when w/b ratio is 
higher to 0.6 rather than 0.4 and 0.5;  
 Flexural modulus is decreased with the decreased b/s ratio no matter the 
w/b ratio is lower (0.4) or higher (0.6); 
 The b/s ratio only has influence on the dynamic modulus in transversal 
direction when the w/b ratio increased up to 0.5 and 0.6; 
 The b/s ratio has complicated effect on speed of sound, more sand 
content (lower b/s ratio) can increase the speed of sound when w/b=0.4, 
but it can be changed when w/b ratio is increased to 0.5, lower sand 
content can have higher value of speed of sound when FA is at 15% 
replacement level and when w/b=0.6, the mix with b/s=1/3.2, middle 
value, is having higher values of speed of sound than the mix with 
b/s=1/3 and b/s=1/3.4 when FA replacement level is ranged from 15% to 
45%, no matter the frequencies under which the specimens were 
measured. But generally this influence is not significant regardless of the 
changes of w/b ratio and FA replacement levels. 
 As speed of sound, b/s ratio still have complicated effect on vibration 
damping. Vibration damping is decreased with the increased sand 
content when w/b=0.4. However, when w/b=0.5, the mix with middle level 
of b/s ratio 1/3, not with the bigger value of b/s ratio 1/2.8, possesses 
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highest Q factor value, or lowest vibration damping among these three 
b/s ratios mixes and when w/b=0.6, the mix with the largest value of b/s 
ratio 1/3 have highest Q factor value, or lowest vibration damping among 
these three b/s ratio mixes. In general, it means that when FA% is fixed, 
the influence of increased sand content combined with increased w/b 
ratio on Q factor or vibration damping is getting bigger. 
In Table 46, the correlation determined between properties is mainly based 
upon the linear regression analysis and R2 value performed in Section 6.5. It 
has its limitation but generally can give an idea about the relationship between 
properties and provide suggestions for the optimization in Chapter 7.   
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Table 46 Summary of correlation between acoustic properties and 
physical/mechanical/mix design properties 
Physical/me
chanical/ 
mix design 
properties 
acoustic properties 
speed of 
sound 
vibration 
damping  
transversal 
resonant 
frequency 
longitudinal 
resonant 
frequency 
torsional 
resonant 
frequency 
√E static + strong 0   + low + strong + strong 
√E dynamic + strong 0   + strong + strong + strong 
compressive 
strength + strong 0   + medium + strong + strong 
density + low 0   0   + low + low 
flexural 
strength + low 0   0   + low + low 
flexural 
modulus + medium 0   0   + low + low 
hardness + strong 0   0   + strong + strong 
FA 
replacement - strong +  strong -  strong - strong  -  strong 
w/b ratio - strong +  strong -  strong -  strong -  strong 
b/s ratio *   *   - low - low - low 
frequency + strong    
  
  
  
  
  
  
  
 
+ positive correlation 0 zero correlation 
- negative correlation * complicated correlation 
strong fitted line R2 > 0.7 low fitted line R2 < 0.5 medium fitted line 0.5<R2<0.7 
 
Note: 
Due to a fact that the ranges of certain parameters were still not widely covered and 
linear regression analysis was implemented. Hence it still has limitation on analysing 
correlation between certain properties, such as vibration damping, dynamic modulus 
and elastic modulus, which will be analysed differently in Section 7.7. 
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Chapter 7  OPTIMIZED ACOUSTIC 
PROPERTIES OF FLY ASH 
INCORPORATED MORTAR 
 
 
7.1 Introduction 
In Chapter 6, through using the traditional trial and error “one factor at a time” 
method detailed relationships between acoustic properties, physical/mechanical 
properties and constituents have been derived. Hence the acoustic properties of 
FA-mortar, speed of sound and damping ratio, can be adjusted by altering the 
proportions of the various compositions of the concrete mix. However, a general 
trend can only be determined. In order to obtain a specific numerical value of 
speed of sound or damping ratio from a material under certain geometry, or in 
general words, in order to understand how the properties can be optimized for a 
given application, the other optimization method mentioned in the literature 
review has to be used, numerical optimization.  
As mentioned in the methodology, 34 different mixes with 3 specimens in each 
mix (a total number of 102 specimens) were cast with varying FA contents. In 
this chapter, the experiments results of physical/mechanical properties obtained 
from these mixtures are used to develop mathematical models that can be used 
to predict the acoustic properties of FA-mortars. This simulated model is also 
developed based on previous mathematical models from literature review. The 
aim of this optimization fitting is to establish the model between mix design 
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(proportions of constituents) and responses (acoustic properties) directly. In the 
end, the predicted responses (acoustic properties) are also compared with 
experimental data to prove the efficiency of the fitted equation.  
 
7.2 Model description 
Table 46 demonstrated that speed of sound is the function of √𝐸𝑑. This result is 
in line with earlier literature about equation c = √
𝐸
𝜌
 . Also there have existed 
many mathematical models describing the relationship between static 
modulus/dynamic modulus and compressive strength mentioned in section 
3.3.3. Although the correlation between the compressive strength and speed of 
sound also has been revealed in this study shown in Table 46, the 
mathematical model of the function between compressive strength and speed of 
sound can be easier built with well-known equations. As for the compressive 
strength, this is mostly considered as the most important factor in the 
concrete/mortar area. In this study, the factors which affect the compressive 
strength of the specimens are b/s ratio, w/b ratio and FA replacement. A 
mathematical model will be built based on the above consideration and is 
shown below: 
Due to                                                 
 𝐶 = 𝑓(𝐸) + 𝜉𝑐 (70) 
Where 
 𝐸 = 𝑓(𝑓𝑐) + 𝜉𝐸 (71) 
and 
 
𝑓𝑐 = 𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%) + 𝜉𝑓 (72) 
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Hence 
 
𝐶 = 𝑓1 (𝑓 (𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%) + 𝜉𝑓) + 𝜉𝐸) + 𝜉𝐶 (73) 
Using the first order Taylor expansion formula (see Notes below), we can get: 
 
𝐶 = 𝑓1 (𝑓 (𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%))) + 𝐶0 + 𝜉𝐶 (74) 
Where 
𝐶 -- Speed of sound;  
𝐶0 -- Initial term of speed of sound; 
𝐸𝑑 -- Dynamic modulus; 
𝑓𝑐 -- Compressive strength; 
𝑏/𝑠 -- Binder sand ratio; 
𝑤/𝑏 -- Water binder ratio; 
𝐹𝐴% -- Fly ash replacement; 
𝜉𝑐 -- Error of speed of sound; 
𝜉𝑓 -- Error of compressive strength; 
𝜉𝐸 -- Error of dynamic modulus. 
Notes: 
The one dimensional Taylor series is an expansion of a real function f(x) about a point 
𝑥 = 𝑥0 , which is given by 𝑓(𝑥) = 𝑓(𝑥0) + (𝑥 − 𝑥0)𝑓
′(𝑥0) +
(𝑥−𝑥0)
2
2!
𝑓′′(𝑥0) + ⋯ +
(𝑥−𝑥0)
𝑛
𝑛!
𝑓(𝑛)(𝑥0) + 𝑅𝑛. Rn is a remainder term which is the infinitesimal of higher order 
(Adeli, 1994; Raju, 2014).  
 
It has been explained in Section 3.3.3 that Eq. (42) uses the damping to relate 
the static modulus and dynamic modulus (Nagy, 1997): 
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𝐸𝑐 =
𝐸𝑑
1 + 𝜂𝛼′
 (42) 
Where  
𝛼′  is an empirical factor,  𝛼′ = 0.35  was found cement type and w/c ratio 
independent (Nagy, 1997);  
𝜂 is loss factor.  
According to the reference data listed in the Table 15, concrete is a low 
damping material (𝜁 < 1). Hence, the mathematical model between mix design 
(proportion of constituents) and damping will be built upon the below equations 
from Eq. (75) to Eq. (80), refer to Eq.(32) and Eq.(33): 
 
2𝜁 =
1
𝑄
 (75) 
 𝜁 =
𝜂
2
 (76) 
Where 
𝜁 -- Damping ratio; 
𝑄 -- Quality factor;      
Due to  
 𝜁 = 𝑓(𝜂) (77) 
 
 𝜂 = 𝑓(𝐸) + 𝜉𝜂 (78) 
 
 𝐸 = 𝑓(𝑓𝑐) + 𝜉𝐸 (79) 
 
𝑓𝑐 = 𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%) +  𝜉𝑓 (80) 
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Hence 
 
𝜁 = 𝑓2 (𝑓 (𝑓 (𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%) + 𝜉𝑓) + 𝜉𝐸) + 𝜉𝜂) + 𝜉𝜁 (81) 
  Using the first order Taylor expansion, we can get: 
 
𝜁 = 𝑓2 (𝑓 (𝑓 (𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%)))) + 𝜁0 + 𝜉𝜁 (82) 
Where 
𝜉𝜁-- Error of damping ratio; 
𝜉𝜂 -- Error of damping factor; 
𝜉𝐸-- Error of dynamic modulus; 
𝜉𝑓-- Error of compressive strength; 
𝜁0-- Initial term of damping ratio. 
 
7.3 Relationship between compressive strength and 
mix design 
From the discussion of results in Chapter 6, it has been concluded that the 
compressive strength of FA-mortar is affected not only by the w/c ratio, but also 
by the b/s ratio and FA replacement ratio. It has also been established from the 
data that the function that best describes the relationship between the 
compressive strength and FA or w/b ratio or b/s ratio is a polynomial equation, 
compared with the linear equation and other types of equation. This is 
consistent with the suggest model by Brandt (1998) (Section 3.3.4). Hence 
taking the effect of w/b ratio, b/s ratio and FA replacement ratio into account on 
compressive strength simultaneously, two models are suggested, tried and 
shown in Eq. (84) and Eq. (86). The unknown coefficients 𝑎1, 𝑏1, 𝑏2, 𝑏3  … c 
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were still optimized by satisfying the minimum residual sum of squares (least 
square regression analysis, Section 3.3.4) by using solver add-in analysis 
(Section 4.11).  
By applying the values of w/b ratio, b/s ratio, FA% (experiment II) into the 
model, the predicted value of compressive strength can be calculated. The 
predicted value versus measured value of compressive strength from these two 
models plots are individually presented in Figure 149 and Figure 150.  
In both figures, the predicted values and measured values are uniformly 
distributed along the identity line y = x. Through comparing the value of R2 
shown in Figure 149 and Figure 150, it shows the fitted equation regarding to 
model 2 is much closer to the identity line than the fitted equation regarding to 
model 1. This indicates that model 2 reveals a better fitting to the measured 
value of compressive strength.  
Model 1: 
 
𝑓𝑐 = 𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%) = 𝑎1𝑥1
2 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑏3𝑥3 + 𝑐 (83) 
 𝑓𝑐 = 276𝑥1
2 − 365𝑥1 + 88𝑥2 − 26𝑥3 + 136 (84) 
Where 
𝑥1 – w/b ratio; 
𝑥2 – b/s ratio; 
𝑥3 – FA%; 
𝑓𝑐 – Compressive strength, MPa. 
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Figure 149 Prediction versus observation value plot from model 1 
 
Model 2: 
 
𝑓𝑐 = 𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%) 
= 𝑎1𝑥1
2 + 𝑎2𝑥2
2 + 𝑎3𝑥3
2 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑏3𝑥3 + 𝑐 (85) 
 𝑓𝑐 = 165𝑥1
2 + 1836𝑥2
2 − 9𝑥3
2 − 256𝑥1 − 1161𝑥2 − 20𝑥3 + 320 (86) 
 
Figure 150 Prediction versus observation value plot from model 2 
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7.4 Relationship between compressive strength and 
elastic modulus 
The relationship between compressive strength and elastic modulus has been 
demonstrated again in Chapter 6 that the modulus of elasticity increases with 
an increase in the compressive strength. It is also suitable for FA incorporated 
mortar. From the literature review, it seems that there is no agreement on a 
precise absolute form of this relationship, given the reason that the modulus of 
elasticity of concrete/mortar is affected by both the modulus of elasticity of the 
aggregate and the volumetric proportion of aggregate in the concrete/mortar 
(Neville, 2011).  
From the literature review, many researchers have given quite similar equations 
correlating static modulus of elasticity and compressive strength but with 
different coefficient. In this research, the recommended expression given by 
ACI 318-029.98 (Section 3.3.3) is used to deduct a new mathematical equation 
for the mortar mixes with FA. Hence the predicted mathematical equation for 
the relationship between static modulus of elasticity and compressive strength 
is suggested in the format of  
 𝐸𝑐 = 𝑎 × 𝑓𝑐
𝑏 (87) 
By using the same solver add-in analysis mentioned previously, the following 
optimized equation has been determined: 
 𝐸𝑐 = 4.73 × 𝑓𝑐
0.46 (88) 
The fitted Eq. (88) from the experiment data shows good agreement with the 
recommended Eq. (36) from ACI 318-029.98. This similarity is plotted and 
compared shown in Figure 151.  By adopting the Eq. (88), the predicted value of 
elastic modulus 𝐸𝑐 can be compared with the measured value of 𝐸𝑐, which is 
shown in Figure 152. It clearly shows that the predicted value 𝐸𝑐 and observed 
value 𝐸𝑐  are uniformly distributed along the identity line. The R
2 of the 
regression line is up to 0.78. This indicates that Eq. (88) is well fitted.  
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Figure 151 Comparison of relationship between elastic modulus and compressive 
strength: recommended model from ACI 318 and fitted model 
 
 
Figure 152 Observation versus prediction value of static modulus of elasticity from 
Eq.(88) 
 
7.5 Relationship between dynamic modulus and elastic 
modulus 
Many researchers have confirmed that dynamic properties, such as dynamic 
modulus, have a strong influence on the acoustic properties in the musical 
instrument material area (Brémaud, 2012; Ono and Kataoka, 1979; Roohnia et 
al., 2011). The strong relationship between dynamic modulus and certain 
acoustic properties are also confirmed in Section 6.5.2 in this research.  
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The relationship between dynamic modulus and elastic modulus has been 
widely investigated, which have been mentioned in Section 2.3.3.4. From the 
definitions of these two moduli (Section 2.3.3.4), the difference between them 
seems the applied stress applied to the testing specimen when they are 
measured. Elastic modulus is given a known intensity stress up to one third of 
the ultimate strength. While dynamic modulus is measured only by a negligible 
stress applied. Therefore dynamic modulus approximately equals to the initial 
tangent modulus determined in the static test (Neville, 2011). Philleo (1955) has 
proposed that probably because of the reason, the compressive strength 
increases with age, the ratio of the static modulus of elasticity to the dynamic 
modulus cannot be expected to a simple conversion of a ratio or a single 
relation. However, various empirical relations still exist.    
In this research, two different types of specimens and testing methods were 
separately used for measuring dynamic modulus and elastic modulus. The 
relationship between them is again examined. The expression Eq. (39) from the 
British standard for design of concrete structures, BS EN 1992-1-
1:2004+A1:2014, is used to fit in current experimental data (Section 3.3.3).  
The suggested format of predicted mathematical equation for the relationship 
between static modulus of elasticity and dynamic modulus would be 
 𝐸𝑐 = 𝑎 × 𝐸𝑑 + 𝑏 (89) 
In order to apply the recommended equation from the standard BS CP 
110:1972 to the experimental data, the value of 𝑎 is fixed to 1.25 (Eq. (39)) in 
the solver analysis tool (least square regression analysis, Section 3.3.4). Hence 
b is searched and calculated to -19.55. From the Figure 153, the fitted equation 
exhibits the similarity in good agreement with this equation but with R squared 
only up to 0.5. This fitted equation is  
 𝐸𝑐 = 1.25 × 𝐸𝑑 − 19.55 (90) 
From the other point of view given in Figure 154, the distribution of predicted 
versus measured value is shifted onto an angle away from the identity line. That 
means the corresponding data points from the two sets of data (measured value 
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and predicted value) are not equal to each other in a large quantity of data. This 
equation is not statistically significant from these two analyses.   
 
Figure 153 Comparison of relationship between static modulus of elasticity and 
dynamic modulus: recommended model and fitted model 
 
 
Figure 154 Observation versus prediction value of elastic modulus from Eq.(90) 
 
By using solver-add in analysis again (least square regression analysis, Section 
3.3.4) and looking for the best fit of constant a and b to Eq. (89) at the same 
time, the following equation is generated 
 𝐸𝑐 = 0.7548𝐸𝑑 − 1.3204 (91) 
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Regression curve and predicted value versus measure value of elastic modulus 
from Eq. (91) are respectively shown in Figure 155 and Figure 156. The 
corresponding scatter of predicted value versus measured value fall closer to 
the identity line. These indicate that Eq. (91) has a better fitting to the 
experimental data from the statistics standpoint. 
 
Figure 155 Relationship between elastic modulus and dynamic modulus fitted from Eq. 
(91) 
 
 
Figure 156 Observation versus prediction value of elastic modulus from Eq. (92) 
 
Since dynamic modulus has been considered with strong influence on the 
acoustic properties, Eq. (91) can be transferred into Eq. (92) and be used in Eq. 
(70) to predict the speed of sound.  
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𝐸𝑑 =
𝐸𝑐 + 1.3204
0.7548
 (92) 
Among all the empirical equations regarding the relation between dynamic 
modulus and elastic modulus, Eq. (42) is also concerned with another acoustic 
property, loss factor. This can be used as a key reference to predict the relation 
between damping ratio and mix design through measured mechanical 
properties, modulus of elasticity.  As mentioned in the Section 3.3.3, this 
equation was determined for the mixes in Nagy’s (1997). In order to find out 
whether Eq. (42) is also suitable to the current mix, the experimental data of 𝐸𝑑, 
𝐸𝑐 and 𝜂 are applied into this equation. Thus,  
When 𝛼′ = 0.35,  
 𝐸𝑐 = 𝐸𝑑/(1 + 𝜂
0.35) (93) 
The results of prediction versus observation value of 𝐸𝑐 are presented in the 
Figure 157. As expected, due to the fact that this parameter was determined 
from a complete different mix design, the distribution of data is slightly away 
from the identity line. However the general trend is still following the identity line. 
It illustrates that the general model still reflects the relationship between 𝐸𝑑 and 
𝐸𝑐. Only the parameter is the key point to adjust this model.     
 
Figure 157 Prediction versus observation value of Ec (𝛼=0.35, (Nagy, 1997)) 
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By using the solver add-in analysis and satisfying the minimum residual sum of 
the squares (least square regression analysis, Section 3.3.4), the optimized 
parameter 𝛼′ is determined: 
𝛼′ = 0.25 
Thus, 
 𝐸𝑐 = 𝐸𝑑/(1 + 𝜂
0.25) (94) 
By using the same prediction versus observation plot illustrated in Figure 158, 
the same model with different parameter 𝛼′ = 0.25 exhibits a better fitting to the 
experimental data. The distribution of data mainly falls on the identity line and 
with its R-squared value up to 86% of variation.  Eq. (94) will be adopted to 
develop the final mathematical model between damping ratio and mix design 
parameters. 
 
Figure 158 Prediction versus observation value of 𝐸𝑐 (𝛼′ = 0.25) 
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and mix design parameters have been listed in Eq. (86), Eq. (88) and Eq. (92). 
Substitute these equations into equation Eq. (74) based on Eq. (70) to Eq. (72), 
the following equation regarding the relationship between speed of sound and 
mix design parameters can be generated in Eq. (95).  
𝐶 = √
𝐸𝑑
𝜌
 
𝐶 = √
(𝐸𝑐 + 1.3204)/0.7548
𝜌
 
= √
(4.73𝑓𝑐
0.46 + 1.3204)/0.7548
𝜌
 
 
= √
(4.73 × (276𝑥1
2 − 365𝑥1 + 88𝑥2 − 26𝑥3 + 136)0.46 + 1.3204) × 109
𝜌
 (95) 
Note: In Eq. (95), 109 is used to change the unite of dynamic modulus from GPa to 
kg*/s^2/m. Then the unit of speed of sound would be m/s. 
By comparing the predicted value of speed of sound through Eq. (95) and the 
measured value of speed of sound, the prediction versus observation value plot 
is illustrated in Figure 159. It appears from Figure 159 that the distribution data 
of prediction versus observation plot is parallel away from the identity line. It can 
be considered as the error from each relationship equations. In order to 
minimize this error, as long as to parallel move the whole data going up. It can 
be seen from the Figure 159 that the measured value are all reflected higher 
than the value of prediction value.  
Hence 
 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 − 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 = 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 < 0 (96) 
 
                                                                                             
293 
 
Optimized acoustic properties of fly ash incorporated mortar 
 
 
In order to increase the prediction value and have them distributed along the 
identity line.  The absolute value of averaged residual will be added to the 
prediction value. This can also be explained by the Eq. (74) as 𝐶0.  
 
Figure 159 Prediction versus observation value of speed of sound from Eq. (95) 
 
After adjusting the Eq. (95) with 𝐶0 (the absolute value of averaged residual), it 
becomes as  
𝐶 = √
𝐸𝑑
𝜌
 
=
√
(
4.73 × (276𝑥1
2 − 365𝑥1 + 88𝑥2 − 26𝑥3 + 136)0.46 + 1.3204
0.7548 ) × 10
9
𝜌
+ 231 
  (97) 
Figure 160 is the updated prediction versus observation plot from the improved 
fitting Eq. (97). From the figure, it can be observed that the slope of new trend 
line has been up to 0.99. The data are well distributed along the identity line. In 
the residual plot of Figure 161, the residuals are also well spread and scattered 
around the zero line. But from the shape of the residual plot, this suggests that 
there might be a variable missing, or need to be transformed. A more accurate 
model can be deduced after more experimental results collected. But both these 
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statistics analysis show that the fitted Eq. (97) is still showing a good 
relationship between speed of sound and mix design 
 
Figure 160 Prediction versus observation value of speed of sound from Eq. (97) 
 
 
Figure 161 Residual plot  
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also a format which is connected with loss factor and is referred to Eq. (42). 
From this equation, Eq. (98) can be determined.  
Same as last section 7.6, the model between damping ratio and mix design 
parameters has been described in section 7.2. Also in previous sections, the 
models which will be used to determine the equation between damping ratio 
and mix design parameters have been listed in Eq. (86), Eq. (88) and Eq. (94).  
Substitute Eq. (86), Eq. (88) and Eq. (94) into equation Eq. (82) based on Eq. 
(75) to Eq. (80) and the generated Eq. (98), the following equation regarding the 
relationship between damping ratio and mix design parameters can be 
generated in Eq. (99).  
Because of Eq.(42), so 
 𝜂 = 𝑒(ln(𝐸𝑑 𝐸𝑐⁄ −1)/0.25) (98) 
If name,  
𝐴 = 𝐸𝑑 𝐸𝑐⁄ − 1 
Where 
𝐸𝑑 𝐸𝑐⁄ − 1 > 0 
Hence, 
𝜂 = 𝑒(ln 𝐴/0.25) = 𝑒4 ln 𝐴 = 𝐴4 
So, according to Eq.(76) 
𝜁 =
𝜂
2
 
=
𝐴4
2
 
=
(𝐸𝑑 𝐸𝑐⁄ − 1)
4
2
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=
(
𝐸𝑐 + 1.3204
0.7548
𝐸𝑐
− 1)4
2
 
 
=
(
4.73 × 𝑓𝑐
0.46 + 1.3204
0.7548
4.73 × 𝑓𝑐
0.46  − 1)
4
2
 
 
 
=
(
4.73 × (276𝑥1
2 − 365𝑥1 + 88𝑥2 − 26𝑥3 + 136)
0.46 + 1.3204
0.7548
4.73 × (276𝑥1
2 − 365𝑥1 + 88𝑥2 − 26𝑥3 + 136)0.46
 − 1)4
2
 
(99) 
Used equations to determine Eq.(99) are listed as below again:  
2𝜁 =
1
𝑄
 
(75) 
𝜁 =
𝜂
2
 (76) 
𝜁 = 𝑓(𝜂) (77) 
𝜂 = 𝑓(𝐸) + 𝜉𝜂 (78) 
𝐸 = 𝑓(𝑓𝑐) + 𝜉𝐸 (80 
𝑓𝑐 = 𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%) + 𝜉𝑓 (80) 
𝜁 = 𝑓2 (𝑓 (𝑓 (𝑓 (
𝑏
𝑠
,
𝑤
𝑏
, 𝐹𝐴%)))) + 𝜁0 + 𝜉𝜁 (82) 
𝑓𝑐 = 165𝑥1
2 + 1836𝑥2
2 − 9𝑥3
2 − 256𝑥1 − 1161𝑥2 − 20𝑥3 + 320  (86) 
𝐸𝑐 = 4.73𝑓𝑐
0.46  (88) 
                                                                                             
297 
 
Optimized acoustic properties of fly ash incorporated mortar 
 
 
𝐸𝑑 =
𝐸𝑐 + 1.3204
0.7548
 
 (92) 
𝐸𝑐 = 𝐸𝑑/(1 + 𝜂
0.25)  (94) 
𝜂 = 𝑒(ln(𝐸𝑑 𝐸𝑐⁄ −1)/0.25)  (98) 
By comparing the predicted value of damping ratio through Eq. (99) and the 
measured value of damping ratio (Q factor, Eq. (75)), the prediction versus 
observation value plot is illustrated in Figure 162. It appears from Figure 162 
that there is an obvious straight line at which the prediction value of damping 
ratio is around 0.01 with standard deviation of 0.0009. While the observation 
data is in a wider ranges with standard deviation up to 0.004 around 0.01.  
According to Table 15 (Silva, 2006), all these measured data all fall into the 
reference value 𝜁 ∈ (0.01 ~ 0.03) of concrete except an outlier at 0.037. This 
outlier might come from the measurement error as it is an input outlier 
(observation value is out of range and far from the main group of observation 
data). Hence this outlier is normally considered as a wrong value, in which case 
it should be deleted. Then the residual plot can be updated as in Figure 163.    
All these findings illustrated from Figure 162 show that although the predicted 
value from the fitted Eq. (99) are in a narrow range, the value still reflects the 
reasonable data to describe the damping ratio of concrete material. The 
detailed data of prediction value can be found from Figure 163 ranging from 
0.01 to 0.014. After excluding the input outlier value (wrong value), Figure 163 
also reveals that the rest of the data are fairly symmetrically distributed, tending 
to cluster towards the middle of the plot, showing a very stable prediction. They 
are also clustered around the lower values of the y-axis (within -0.008 to 0.006), 
and not the larger values (such as 30 or 150), showing a very low residual 
between observation value and predicted value. All these indicate that this 
model can be used to reflect the real damping ratio of the material. 
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Figure 162 Prediction versus observation value of damping ratio from Eq. (99)  
 
 
Figure 163 Residual plot 
 
7.8 Conclusion 
Traditionally in concrete area, optimization can be understood as to look for the 
maximum value, minimum value or a specific value of any property from a 
mixture design, such as to design a material with the highest value of 
compressive strength, lowest porosity value or to design the cementitious 
material with any specific value of speed of sound and damping ratio. In this 
chapter, following the numerical optimization method, the following conclusion 
can be concluded: 
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 An existing mathematical model which relates speed of sound and 
modulus of elasticity, c = √
𝐸
𝜌
, has been applied to the collected data from 
this research, and dynamic modulus is proved again more applicative to 
this model than the elastic modulus for the FA-mortar used in this 
research;  
 The existing mathematical models which relate compressive strength 
and elastic modulus or dynamic modulus and elastic modulus from the 
references, ACI 318-029.98/BS CP 110:1972/Nagy’s (1997), have been 
applied to the current FA-mortar mixes. The results show an applicable 
fitting and reflect the accuracy of the measured experimental data;  
 The error generated from the mathematical model can be explained by 
the first order Taylor expansion formula; Or from the point view of 
practical application, such as the prediction value of damping ratio fall 
into the general referencing range of damping ratio of concrete. All these 
errors can be acceptable;    
 The required numerical value of acoustic properties (speed of sound, 
damping ratio) of this research can be directly derived and designed 
through the established fitted equation by changing the parameters of 
mixture design; 
 Through building the relationship of physical/mechanical properties and 
acoustic properties and the relationship of physical/mechanical 
properties and mix design parameters, more mathematical models 
between other acoustic properties and mixture designs can be explored 
and developed.   
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Chapter 8  CONCLUSIONS AND 
RECOMMENDATIONS FOR 
FURTHER RESEARCH 
 
 
8.1 Introduction 
This research set out to contribute to knowledge regarding the acoustic 
properties of cementitious materials, which is under-researched, and little 
information is available in academic literature.  
The considerable advantages that concrete/mortar could offer over other 
materials (as the properties of cementitious materials can be designed and 
engineered to a certain degree by the addition of a variety of additives, 
admixtures, binders and aggregate types, for example density, compressive 
strength), led researchers to consider whether there is potential for concrete to 
perform acoustically in a similar manner to some traditional timber materials 
used for musical instruments. Some enquiring questions were therefore 
proposed, which led to the aim and objectives of this research, namely, “to 
investigate the fundamental acoustic properties of several cementitious 
materials, the influence of mix design parameters/constituents, and finally the 
effect of the physical and mechanical properties of cementitious material 
concrete/mortar on the acoustic properties of the material”.   
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The purpose of this chapter is to reemphasize the principal findings and 
conclusions of the preceding chapters and provide further suggestion for future 
research. The summary of each chapter have already been discussed in each 
chapter. Here a synthesis of the empirical findings from the study will be 
provided with respect to some research questions. Provide evidence and 
synthesis of arguments presented in the body to show how these converge to 
answer the research questions, or study objectives to meet the aim.  It will be 
presented in below 3 sections:  
 Conclusions, systematically discuss how the findings can be used to 
meet the requirement of the aim; 
 Limitations of this research; 
 Recommendations for further research 
 
8.2 Conclusions 
As mentioned in the previous section 8.1, a synthesis of the empirical findings 
from the study with respect to the objectives will be discussed in the conclusion 
section. It will provide synthesis of arguments presented earlier in the thesis to 
help show how these contribute towards answering the research objectives, and 
hence the main research aim.    
1. To understand the mechanism of sound production in musical 
instruments and the effects of the material(s) employed on the sound 
generated 
After reviewing the acoustics of musical instruments in Chapter 2, it was found 
that there are many different mechanisms which are exploited in the generation 
of sound from musical instruments.  Hornbostel - Sachs system (Hopkin, 1996) 
which is recognized as a comparatively complete source at present time 
classifies all musical instruments into five different types: Idiophones, 
Membranophones, Chordophones, Aerophones and Electrophones. According 
to their different mechanisms (Section 2.2.1.3), it is evident that the type of 
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material is not the essential criteria for all musical instruments. Fletcher and 
Rossing (2010) suggested that the musical instruments for which the material of 
manufacture has a large effect on the acoustic characteristics are the 
idiophones (such as bells and cymbals, which the whole solid material structure 
vibrates and radiates sound), membranophones (such as drums), and 
chordophones (such as guitars and violins, and pianos). The resonant elements 
of these musical instruments could be the bodies of drums and the sound 
boards of stringed instruments, and the material properties are also of 
significant importance. In previous research assessing the acoustic properties 
of materials used for making musical instruments, it is well known that the 
soundboard of chordophones has been considered to be the key element which 
most critically affects the acoustic behaviour of the instrument as a whole, and 
has consequently attracted more attention from researchers regarding the 
sound board than material element from other types of musical instrument.   
2. To build upon previous researches on the selection of the tested 
physical/mechanical properties and acoustic properties of cementitious 
materials;  
After reviewing the existing research on the acoustic properties of musical 
instruments in Chapter 2, the acoustic properties of sound board material from 
Chordophones has been decided and limited as the research reference, due to 
its larger quantity of existing research. The physical/mechanical properties of 
the sound board material, their related test methods and their acoustic 
properties are presented in Table 5, Table 7/Table 8 and Section 2.2.3.3 
respectively. Considering the following reasons: the main point of this research 
was focused on exploring the material properties (rather than the structural 
properties) and the acoustic/mechanical properties that could be tested (rather 
than mathematically determined). Several basic acoustic properties have been 
decided to be tested for cementitious material, including speed of sound, 
resonant frequency, and damping quality factor (internal damping). After 
reviewing the physical/mechanical properties of concrete/mortar, the following 
properties were then tested: density, hardness, compressive strength, elastic 
modulus, flexural strength, flexural modulus, dynamic modulus. 
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3. To draw conclusions regarding the effect of different constituents, mix 
designs and material properties upon the acoustic properties of the 
material;  
The main empirical findings are presented and summarized in Chapter 5 and 
Chapter 6. These two chapters include two series of experiment results, indeed 
the results from Chapter 5 are required in Chapter 6. In Chapter 5, a series of 
selected cementitious materials (FA, SF, GGBS), SP and basic mix design 
parameters (w/c ratio, sand grading) were tested on the selected acoustic 
properties and physical/mechanical properties. It has been shown that fly ash 
(FA), w/b ratio and b/s ratio has the great influence upon the acoustic properties, 
and hence were selected to be used in Chapter 6. This result is concluded by 
comparing the acoustic properties of timber materials and with some of the 
assumptions in the conclusion of this chapter.   
In Chapter 6, more experiments were employed to explore the relationship 
between the acoustic properties, physical/mechanical properties and mix design 
factors. Varies combinations of FA replacement level, w/b ratio and b/s ratio led 
to 1122 test results, and subsequently showing the interactional effect of these 
three factors on the selected properties. Via regression analysis, the 
relationship between the physical/mechanical properties and the acoustic 
properties has been determined. The regressioned model generated from the 
data confirmed the theory of relationship between acoustic properties and their 
related mechanical properties of timber material.  
4. To build a model of the relationship between the acoustic properties of a 
cementitious material and its mix design via its physical/mechanical 
properties.  
In order to investigate whether concrete can have the same properties as a 
wooden material for use as a sound board, an optimization method was 
required for adjusting the mix design to obtain the desired properties. However, 
due to this research is still at the beginning stage and there are still many 
unknown factors existing, such as what is the desired properties the sound 
board material should have, the tested material in this research may not be able 
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to reach to the ranges the properties should be or as wood material, hence the 
traditional optimization method looking for the maximum or minimum value are 
not suitable for this research at this stage.  
After reviewing the mix design methods in the mortar/concrete field, and the 
optimization method in Chapter 3, the semi-experimental (half analytical) 
method was selected as the most appropriate approach for this research. New 
regression models between the compressive strength and the constituents 
which is unique for different mixes, and previous mathematical models, such as 
the relationships between compressive strength and elastic modulus, elastic 
modulus and dynamic modulus which have been largely researched, together 
can become the object function of acoustic properties and constituents. The 
experimental results of the physical/mechanical properties obtained from 
Chapter 6 are used to develop these mathematical models that can be used to 
predict the acoustic properties of FA-mortars. 
(Note: due to the resonance frequency being a structural property, it is also influenced 
by the shape and size of the structure. Hence the related results presented only 
provide a general idea whether a mix design can the influence the acoustic properties 
when the specimen size is fixed. This part of the data is recorded only in the 
experiments rather than being used in the optimization part.) 
5. Discussion regarding the output of this research and the design of 
musical instruments. 
As mentioned in the aim and objectives, this research is not focused specifically 
on the design or construction of musical instruments, but rather investigates the 
fundamental acoustic properties of several cementitious materials, the influence 
of mix design parameters/constituents, and finally the effect of the physical and 
mechanical properties of cementitious materials on the acoustic properties of 
the material. The acoustic properties and physical/mechanical properties 
investigated, however, were selected in the context of musical instrument 
manufacture, hence, the knowledge developed from this research has potential 
implications for the material focused design of musical instruments. This 
knowledge will be reflected via the following points: 
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 A series of different constituents’ effects on the physical properties and 
acoustic properties (musical instrument material related properties) are 
listed and compared in Section 5.6, with the summary of these 
experimental results presented in Table 40; 
 Based on the referenced data of acoustic properties for wooden sound 
boards (Table 39), and the hypothetical requirements mentioned in the 
experiment scenarios (see Section 4.2), it can be observed that in order 
to create a mortar/concrete with the potential to be employed as a 
wooden sound board, both the elastic modulus and vibration damping 
(loss coefficient) need to be reduced. The most significant issue is the 
requirement to lower the density of the mortar/concrete, whereas the 
speed of sound for the mortar has fallen within the range that is desirable 
for a wooden sound board; 
 After analysing the results from experimental programme I, (Table 40), 
FA is the only constituent/factor which has an influence on all the tested 
properties. It has potential to decrease the dynamic modulus, elastic 
modulus, density and vibration damping, thus satisfying both the 
requirements based upon the hypothesis (see Section 4.2) for a sound 
board material for a musical instrument; 
 In Section 1955.6, the summary of experimental programme I also shows 
that in addition to FA, it can also be seen that the w/c ratio also has an 
influence on most of the tested properties, except for density. A 
decreased w/c ratio can increase the fundamental resonant frequency 
(when the sample size are fixed), vibration damping and speed of sound;  
 Moreover, it can also be seen from Table 40 in Section 5.6 that the sand 
grading effect is the only factor which changes the density significantly; 
 In the experimental programme II, the interaction effect of the mix design 
constituents (FA replacement, w/b ratio and b/s ratio) on the 
mechanical/physical and acoustic properties are summarized in detail in 
Section 6.6; 
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 The acoustic properties (speed of sound, damping ratio) of certain 
shaped samples can be directly derived and designed through the 
established fitted mathematical model by changing the parameters of the 
mix design, within the ranges tested in this project; 
 The developed research process offers a fresh perspective, which could 
also be applied to explore more acoustic properties (absorption 
coefficient, acoustic impedance etc.) of concrete/mortar related 
constituent materials, as well as to develop further new mix designs, by 
building the mathematical model between the mix design and acoustic 
properties through physical/mechanical properties.  
Through this investigation and exploration, some basic knowledge regarding the 
acoustic properties of concrete constituents have been constructed. Some basic 
widely used cementitious materials and mix design parameters have been 
tested. The most important achievements from this research are the combining 
of background knowledge from three broad and disparate fields; to adjust mix 
designs in order to manipulate the acoustic properties of the materials;  
knowledge of the acoustic properties of cementitious materials; effect of mix 
design parameter on the acoustic properties; relationship between the acoustic 
and physical/mechanical properties; which physical/mechanical properties have 
an influence on the selected acoustic properties; the mathematical modelling 
process itself is also very practical, which can be used to build the relationship 
between the mix design of mortar/concrete and more acoustic properties, or 
other third field properties through physical/mechanical properties etc.. This 
work has potential implications for both the intelligent acoustic design of building 
and spaces, as well as more material-focused design of musical instruments. 
 
8.3 Limitations 
Before the current knowledge, research process and mathematical model can 
be applied generally to create a mix design of mortar/concrete with particular 
properties, there are still many issues to be resolved. 
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If a broader range of experiments could be performed in the Experimental 
Programme I, the results could be more precise, with the resulting trends being 
more obvious. Within this test, only three or four testing points were conducted.  
In order to compare the data collected from this research with other 
mortar/concrete related work, all the test methods and Standards were from the 
mortar/concrete field, including the testing apparatus for acoustic properties. 
Ultrasonic pulse velocity technique were used to measure the speed of sound of 
the specimen. Since this research is also connected with musical manufacture, 
the audible frequency range would be more reasonable to measure the speed 
of sound. As explained in the previous section 6.5, 21 kHz is very close to the 
commonly stated audible range of 20 Hz to 20 kHz , though there is also a 
considerable variation between individuals, and this range is not completely 
fixed. The compromise of 21 kHz should be accepted here used for building the 
relationship between the physical properties, dynamic modulus and elastic 
modulus, and the speed of sound. The regression model of relationship 
between speed of sound and dynamic modulus perfectly confirm the acoustic 
theory related to wooden materials.  
Another limitation of this research is that lightweight concrete (aerated concrete) 
was not considered due to its complicated fabrication process and more added 
additives. It was considered an additional complication not appropriate in the 
beginning stage of this research. Hence significantly reducing the density of the 
material was not considered in this project.  
Lastly, a limitation was found during the data analysis in Chapter 5 and Chapter 
6. From the figures in these two chapters, the effect of constituents or mix 
design parameters on the physical/mechanical and acoustic properties are 
straight forwardly presented. However, if a scanning electron microscope (SEM) 
can be performed, it would be very helpful to analyse the reason, or cause of 
the effect. For example, the elastic modulus of the material is used to measure 
an object or substances’ resistance to being deformed elastically when a force 
is applied to it (Askeland et al., 2010). But from a microscopic view, it is actually 
describing the reaction of the bonding strength between atoms, ions or 
molecules (Askeland et al., 2010). Any factors which influence this bonding 
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strength can lead to the changes in the elastic modulus of the material 
(Askeland et al., 2010). Hence it would be informative to investigate and use the 
knowledge of the microstructure to describe and understand the reasons for 
changed properties of the material.     
 
8.4 Recommendations for further research 
This research has demonstrated the whole research process of exploring the 
acoustic properties of concrete constituents and mix design for musical 
manufacture. However, this work has also mentioned and highlighted the need 
for additional research to both continue the work presented here and to develop 
the process further. The recommendations for further research are discussed 
below. 
 
8.4.1 Materials and mixes 
Some traditional and widely used constituents have been tested in this project. 
However, there are still many potential constituent materials which could be 
explored. Some of them have been mentioned in the literature review, such as 
clay, air entraining agent or bentonite etc.. These are all the materials which 
could be utilised to help decrease the elastic modulus of a material in order to 
obtain similar properties of wood.  
If from the perspective of reducing the weight of the material, as mentioned 
previously, lightweight concrete could also be investigated. From this direction, 
a lot of choices are also available. The various types of lightweight concrete can 
be usually classified by the method of production, including (Neville and Brooks, 
2010):  
 By using porous lightweight aggregate of low apparent specific gravity, 
i.e. lower than 2.6. This type of concrete is known as lightweight 
aggregate concrete. 
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 By introducing large voids within the concrete; these voids should be 
distinguished from the fine voids produced by air entrainment. They are 
known as aerated, cellular, foamed or gas concrete. 
 By omitting the fine aggregate from the mix so that a large number of 
interstitial voids is present; coarse aggregate is generally used. This 
concrete is known as no-fine concrete. 
Some general requirements for lightweight aggregates are prescribed by BS EN 
13055-1:2002. 
In addition, high performance concrete (HPC) is also of interest acoustically due 
to its appealing mechanical properties. HPC has been defined as concrete 
having high durability (low permeability), high workability as well as high 
strength. It also shows high modulus of elasticity in some applications. 
Nowadays, high performance in terms of compressive strength is over 80 MPa. 
It also shows the following advantages:  
 Dense with low porosity with very fine pores 
 The cross-section can be reduced as the advantage of high strength to 
perform the same workability. 
The disadvantages are a relatively lower shear strength and a lower modulus of 
elasticity, increased creep and shrinkage (Neville and Brooks, 2010). However, 
from the view of musical manufacture, the decreased modulus of elasticity is 
also needed when comparing with wooden material. 
In addition, in order to improve the ductile behaviour of current mixes, addition 
of fibres can be used in the future. The main improvements provided by the 
addition of the fibres could also be higher flexural strength, flexural modulus, 
higher tensile strength and ductility, and lower drying shrinkage. However, it will 
also give a higher energy absorption capacity to the material. Hence the 
optimized dozes, shapes and distribution could be further research.       
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8.4.2 Conditions 
In this project, the condition of curing and testing is limited to water tank curing 
and tested at 28 days. It is widely known that the testing results can be varied 
by changing the curing condition and testing days. In the future, the results 
tested when specimens are cured in a water tank or cured in air could be 
compared.   
During the data analysis in Chapter 5, after comparing the testing results with 
previous research, it was observed that GGBS and FA will have higher strength 
at later ages up to 90 days due to their slow hydration rate. Hence different 
testing ages could be considered in future research. 
 
8.4.3 Testing equipment 
As mentioned in the limitation Section 8.3, scanning electron microscope (SEM) 
is strongly suggested for future use. It could help explain the effect from the 
constituents to the tested properties.  
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    Standards 
BS EN 13055-1:2002. Lightweight aggregates. Lightweight aggregates for concrete, mortar and grout. 
BS EN 13263-1:2005+A1:2009. Silica fume for concrete. Definitions, requirements and conformity criteria. 
BS EN ISO 140-3:1995, BS 2750-3:1995. Acoustics. Measurement of sound insulation in buildings and of 
building elements. Laboratory measurement of airborne sound insulation of building elements. 
BS EN ISO 354:2003. Acoustics. Measurement of sound absorption in a reverberation room. 
BS EN ISO 10140-2:2010. Acoustics. Laboratory measurement of sound insulation of building elements. 
Measurement of airborne sound insulation. 
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 Sand grading  
 
 
 
 
 
 Plant:  788 - Whisby 
 
Product: Zone 2 Sand 
 
Sample No: 12009095 
 
Date Sampled: 14/12/11  10:00 
 
Report Date:  09/01/2012 
 
Procedure Sieve/Test Result Unit 71390/7 Zone 
2 Sand 
          8mm 100 % 100-100 
          6.3mm 100 % 95-100 
          5mm 100 %  
          4mm 93 % 87-97 
          2.8mm 90 %  
          2mm 86 %  
          1mm 80 % 50-90 
          0.5mm 69 % 30-70 
          0.25mm 16 % 0-40 
          0.125mm 2 %  
          63um 1.0 % 0-3 
          Pan 0.0 %  
Zone 2 Sand – Typical Grading Sheet 
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 Referenced mixing procedures from other standards /official 
documentation 
BS 1881-125:2013 Testing concrete -- Methods for mixing and sampling fresh concrete in the 
laboratory. The procedure of using dry aggregate was followed.  
1) Add all the fine aggregate first; 
2) Add all the cement; 
3) Hand mixing for 30 seconds; 
4) Start the mixer and run it for 30 seconds; 
5) Continue mixing and add about half the water during the next 15s; 
6) After mixing for 2 min to 3 min, stop the mixer and immediately clean off into the pan 
any material adhering to the mixer blades and the corner bottom of the pan; 
7) Hand mixing for 30 seconds and leave the contents covered for 5 minutes; 
8) Immediately recommence mixing and add the remaining mixing water over next 30s, 
these rest of the water were added to the cement bucket first to clean off the material 
adhering to the bucket before adding into the mixer; 
9) Continue mixing for 3 min. 
 
ASTM C192/C192M-07 Standard practice for Making and Curing Concrete Test Specimens in 
the Laboratory 
1) Prior to starting rotation of the mixer add the coarse aggregate, some of the mixing 
water, and the solution of admixture, when required. When feasible, disperse the 
admixture in the mixing water before addition;  
2) Start the mixer, then add the fine aggregate, cement and water with the mixer running; 
3) Mix the concrete, after all ingredients are in the mixer, for 3 min followed by a 3-min 
rest, followed by a 2-min final mixing; 
 
The document of the silica fume association “making silica fume concrete in the laboratory” 
1) Place 75% of water in mixer; 
2) Add coarse aggregate (no coarse aggregate in this case, ignore it); 
3) Add silica fume slowly into the revolving mixer; 
4) Mix 1 1 2⁄  minutes; 
5) Add cement slowly into the revolving mixer; 
6) Mix 1 1 2⁄  minutes; 
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7) Add sand; 
8) Wash-in all ingredients using the remaining 25% of water; 
Finish by mixing as follows: 
9) Mix 5 minutes; 
10)  Rest 3 minutes; 
11)  Mix 5 minutes. 
 
BS EN 480-1:2014 Admixture for concrete, mortar and grout – Test methods, Part 1: Reference 
concrete and reference mortar for testing. 
1) Mix the dry sand and cement for 30s at low speed in a mixer in accordance with EN 
196-1; 
2) Add all the water (plus admixture in the test mix) over the next 30s at low speed;  
3) In the case of powder admixture, which is not soluble or dispersible, the admixture shall 
be added to the dry constituents of the mortar unless otherwise specified by the 
manufacturer (not suitable to the superplasticizer used in this research); 
4) Continue mixing for 60s at low speed; 
5) Stop mixing and remove any unmixed material from the edge and bottom of the bowl 
using the mixing paddle over a period of 30s; 
6) Re-start mixing can continue for a further 60s at high speed; 
7) Total mixing time shall be 3min 30s. 
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 Flexural modulus calculation 
In accordance with the recommendations given in C580-02, the flexural 
modulus of elasticity can be calculated based on stress strain data (adjusted 
extension readouts) collected by the flexural strength test. One example of data 
collected from sample R-48-1 is shown in Figure 164. Hence according to 
Figure 33 and slope value 𝑀1 from Figure 164, the data can be inserted into 
Table 47. Then 𝐸𝑏𝑒𝑛𝑑 can be calculated by Eq. (59) (C580-02): 
 𝐸𝑏𝑒𝑛𝑑 = 𝐿
3𝑀1/4𝑏𝑑
3 (59) 
See detailed information of Eq.(59) in Section 4.9.5. 
Table 47 Flexural modulus calculation form 
Sample 𝐿 (mm) 𝑏 (mm) 𝑑 (mm) 𝑀1 
𝐸𝑏𝑒𝑛𝑑  
(GPa) 
R-48-1 100 40 40 861.27 84.11 
 
 
Figure 164 Stress-strain curve of flexural test (sample R-48-1) 
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 Speed of sound testing points determination 
Analysis of variance (ANOVA) is a statistical method used to analyse the 
difference among group and their associated procedures, or variation among 
and between groups (Easterling, 2015). In order to find out whether three types 
of requirement have effect on the testing locations, ANOVA hypothesis testing 
was used in the analysis of experimental data. The three types of requirements 
are shown below: 
 Variance between the data collected from the edge point, such as P1, 
P2, P4 and P5 and readings taken from centre point P3 (Pi (i=1,2,4,5) 
and P3 are denoted as the data collected from point 1, 2, 3, 4 and 5 on 
the cubes, see Figure 165); 
 Variance between the data collected from left to right and front to back; 
 Variance between the data collected under different frequency. 
 
 
 
 
 
Figure 165 Testing points/sides of cubes for speed of sound testing 
 
After collecting the data of the speed of sound on different sides and points of 
cube specimens. The ANOVA analysis were carried in the Excel. The following 
conclusion can be made. 
For the ANOVA analysis shown in Table 48, it is used for determining the 
variation of the readings taken between centre point and edge point. As the P 
value 0.007764 < < 0.05, and also F = 8.580994 > Fcrit = 4.30095, it can be 
concluded that under the significant level of 0.05, reject the H0. Hence, the 
speed of sound reading taken from the different points on the edge of the 
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specimen give the different values compared with centre point P3, then Pi 
(i=1,2,4,5) can not be neglected.    
Table 48 ANOVA analysis on the difference between P3 and Pi (i=1,2,4,5) with same 
frequency and same sides reading taken 
Anova: Single Factor           
  
     
  
SUMMARY 
     
  
Groups Count Sum Average Variance 
 
  
Pi 12 51042 4253.5 11683.36 
 
  
P3 12 49864 4155.333 1792.97 
 
  
  
     
  
  
     
  
ANOVA 
     
  
Source of 
Variation SS df MS F P-value F crit 
Between Groups 57820.17 1 57820.17 8.580994 0.007764 4.30095 
Within Groups 148239.7 22 6738.167 
  
  
  
     
  
Total 206059.8 23         
 
Table 49 ANOVA analysis on the difference between different sides “front to back” and 
“left to right” under the same frequency reading taken 
Anova: Single Factor           
  
     
  
SUMMARY 
     
  
Groups Count Sum Average Variance 
 
  
F-B 15 63508 4233.867 11183.98 
 
  
L-R 15 64351 4290.067 20264.5 
 
  
  
     
  
  
     
  
ANOVA 
     
  
Source of 
Variation SS df MS F P-value F crit 
Between Groups 23688.3 1 23688.3 1.506483 0.229896 4.195972 
Within Groups 440278.67 28 15724.24 
  
  
  
     
  
Total 463966.97 29         
 
From Table 49, the ANOVA analysis is used to determining the difference 
between the data taken from different sides, “front to back” noted as F-B and 
“left to right” noted as L-R. The data are collected under the same frequency. As 
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F < Fcrit, P-value > 0.05, hence, take H0, there is no difference between the 
data taken from F-B and L-R, one direction is enough as testing area, either F-B 
or L-R.  
From Table 50, the ANOVA proves that there is significant difference between 
the speed of sound taken from the different frequencies (according to P-value). 
The groups are F24 (24 kHz), F54 (54 kHz) and F500 (500 kHz) respectively. 
Table 50 ANOVA analysis on the difference between different frequencies 
Anova: Single Factor           
  
     
  
SUMMARY 
     
  
Groups Count Sum Average Variance 
 
  
F24 30 127859 4261.967 15998.86 
 
  
F54 30 132407 4413.567 22916.39 
 
  
F500 30 136811 4560.367 5854.033 
 
  
  
     
  
  
     
  
ANOVA 
     
  
Source of 
Variation SS df MS F P-value F crit 
Between Groups 1335754 2 667876.8 44.75458 
4.31E-
14 3.101296 
Within Groups 1298309 87 14923.1 
  
  
  
     
  
Total 2634063 89         
 
Note: 
SS - Standard deviation square 
Df - Degree freedom 
MS - Mean square 
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Physical/mechanical properties testing results (Experimental programme II)-3 
Mix 
No. 
Flexural strength MPa Flexural modulus GPa 
sample 
1 
sample 
2 
sample 
3 
average 
sample 
1 
sample 
2 
sample 
3 
average 
21 5.96 5.94 5.95 5.95 90.75 92.61 95.9 93.09 
22                 
23 5.30   5.58 5.44 88.31   94.68 91.5 
24 4.53 4.92 4.42 4.62 88.3 88.36 81.06 85.91 
25 6.25 6.48 6.86 6.53 99.37 109.04 107.61 105.34 
26 4.15 4.32 4.79 4.42 72.17 82.77 87.41 80.78 
27 4.95 5.14 4.52 4.87 94.91 95.89 98.11 96.3 
28 3.99 3.68 3.87 3.85 88.7 89.78 88.43 88.97 
29 4.92 4.13 4.57 4.54 87.19 92.77 97.17 92.38 
30 4.07 3.92 5.11 4.37 88.83 86.32 80.31 85.15 
31 6.35 5.85 6.40 6.2 101.59 99.58 105.17 102.11 
32 5.74 6.30 5.80 5.95 103.1 108.24 101.46 104.27 
33 5.76 6.26 5.47 5.83 87.16 103.06 100.09 96.77 
34 4.11 3.91 3.67 3.9 83.29 86.57 88.97 86.28 
35 4.75 4.31 3.57 4.21 65.23 71.26 69.8 68.76 
36 4.05 3.75 4.18 3.99 67.67 67.24 70.34 68.42 
37 4.20 4.02 4.34 4.19 66.79 69.1 72.78 69.56 
38 5.16 4.05 4.90 4.7 90.75 85.14 92.22 89.37 
39 3.94 4.09 3.83 3.95 84.76 84.01 83.41 84.06 
40 3.74 4.25 4.15 4.04 69.56 73.27 71.64 71.49 
41 5.25 4.76 4.87 4.96 71.72 70.51 71.26 71.16 
42 3.88 3.97 4.19 4.01 64.15 66.75 65.38 65.43 
43 4.20   4.62 4.41 99.26   93.32 96.29 
44 4.61 4.06 4.65 4.44 100.25 94.76 94.45 96.49 
45 4.17 3.80 3.32 3.76 86.37 88.13 84.35 86.28 
46 3.56 3.57 3.54 3.56 85.27 84.23 86.03 85.18 
47 4.00 4.03 4.04 4.02 78.08 74.47 76.75 76.43 
48 4.39 3.97 4.34 4.23 84.11 81.28 82.15 82.51 
49 3.92 3.42 3.25 3.53 77.46 76.18 76.45 76.7 
50 5.12 4.74 4.53 4.8 86.24 90.66 85.86 87.59 
51 3.65 3.49 3.52 3.55 70.58 73.19 75.24 73 
52                 
53                 
54 3.99 4.18 5.25 4.47 92.68 83.85 84.44 86.99 
55 3.98 3.86 3.90 3.92 83.00 82.42 81.28 82.23 
56 3.96 3.96 3.72 3.88 78.64 83.44 78.85 80.31 
57 3.73 3.74 3.53 3.67 82.33 88.17 86.83 85.78 
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Physical/mechanical properties testing results (Experimental programme II)-4 
Mix 
No. 
Elastic modulus GPa Longitudinal dynamic modulus GPa 
sample 
1 
sample 
2 
sample 
3 
average 
sample 
1 
sample 
2 
sample 
3 
average 
21 31.88 32.44 33.55 32.62 42.60 42.40 42.20 42.40 
22                 
23 31.90 31.07 31.71 31.56 41.20 42.40 41.20 41.60 
24 27.20 28.50 30.52 28.74 41.28 42.03 40.90 41.40 
25 29.28 31.39 29.38 30.02 41.10 43.10 41.90 42.03 
26 27.57 25.74 24.98 26.09 36.90 35.50 34.40 35.60 
27 28.80 28.58 30.52 29.30 41.20 40.00 39.80 40.33 
28 24.75 25.00 26.14 25.30 34.60 33.10 34.60 34.10 
29 29.06 26.54 28.86 28.16 39.20 40.10 39.20 39.50 
30 25.82 25.22 24.45 25.17 36.50 36.90 37.90 37.10 
31 30.86 31.46 30.23 30.85 41.10 43.40 42.00 42.17 
32 28.94 30.67 28.77 29.46 41.10 41.20 41.30 41.20 
33 29.79 30.81 29.62 30.07 41.10 41.40 41.40 41.30 
34 25.42 26.38 25.77 25.86 36.10 35.40 35.00 35.50 
35 26.82 25.78 25.85 26.15 36.40 36.40 36.50 36.43 
36 25.45 23.83 23.35 24.21 34.70 36.50 35.30 35.50 
37 23.45 23.33 22.70 23.16 32.90 32.60 33.30 32.93 
38 28.00 29.41 29.82 29.08 40.10 39.80 40.70 40.20 
39 24.79 26.18 25.11 25.36 34.60 34.80 33.80 34.40 
40 25.97 25.64 25.01 25.54 36.20 36.30 36.10 36.20 
41 23.43 23.80 22.48 23.24 32.80 32.90 34.10 33.27 
42 22.24 22.98 22.05 22.42 33.80 34.20 34.30 34.10 
43 28.09 26.77 28.88 27.91 39.30 38.90 38.70 38.97 
44 28.17 29.54 26.42 28.05 39.00 39.50 39.20 39.23 
45 23.30 23.35 23.35 23.33 33.50 34.40 34.10 34.00 
46 24.58 23.52 23.33 23.81 34.80 33.90 34.10 34.27 
47 22.48 21.11 21.24 21.61 30.40 29.80 30.80 30.33 
48 24.97 23.67 22.76 23.80 32.40 34.40 32.50 33.10 
49 23.31 22.83 22.25 22.80 31.50 32.80 31.50 31.93 
50 30.22 28.92 29.57 29.57 41.30 40.50 39.50 40.43 
51 22.97 22.94 23.45 23.12 31.30 32.40 31.40 31.70 
52                 
53                 
54 28.93 28.21 28.21 28.45 38.32 36.82 37.82 37.65 
55 26.09 25.43 26.54 26.02 38.08 35.48 37.58 37.05 
56 25.64 25.73 24.93 25.43 34.67 34.37 35.97 35.00 
57 24.24 23.62 23.03 23.63 29.43 31.73 31.23 30.80 
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Acoustic properties testing results (Experimental programme II)-3 
Mix 
No. 
Q factor Speed of sound (24 kHz) 
sample 
1 
sample 
2 
sample 
3 
average 
sample 
1 
sample 
2 
sample 
3 
average 
21 37 88 72 65 4688 4688 4710 4695 
22                 
23 56 48 57 54 4673 4673 4673 4673 
24 45 46 67 53 4371 4352 4352 4358 
25 68 68 43 60 4550 4610 4610 4590 
26 42 55 41 46 4274 4202 4238 4238 
27 36 43 57 46 4525 4566 4545 4545 
28 33 50 32 38 4132 4098 4116 4115 
29 56 33 62 50 4426 4386 4406 4406 
30 37 39 41 39 4293 4293 4293 4293 
31 57 68 61 62 4644 4624 4623 4630 
32 34 64 48 49 4586 4586 4525 4566 
33 43 52 60 52 4609 4566 4609 4595 
34 42 54 39 45 4274 4256 4274 4268 
35 52 31 57 47 4311 4311 4311 4311 
36 31 37 38 35 4202 4150 4203 4185 
37 35 47 37 40 4140 4123 4156 4140 
38 68 46 14 43 4505 4525 4566 4532 
39 35 59 36 43 4214 4215 4180 4203 
40 47 60 30 46 4274 4275 4274 4274 
41 48 27 25 34 4064 4118 4117 4100 
42 36 32 46 38 4065 4167 4132 4121 
43 27 26 58 37 4464 4464 4464 4464 
44 40 40 33 37 4465 4466 4465 4465 
45 42 37 43 41 4167 4202 4220 4196 
46 39 41 46 42 4238 4238 4311 4262 
47 35 40 24 33 4027 4042 4027 4032 
48 40 51 63 52 4132 4167 4150 4150 
49 40 44 40 41 4049 4132 4099 4093 
50 34 56 57 49 4587 4587 4525 4566 
51 41 43 53 46 4082 4115 4098 4098 
52                 
53                 
54 63 73 36 57 4456 4311 4378 4382 
55 32 45 70 49 4365 4266 4235 4289 
56 49 37 44 43 4224 4258 4206 4230 
57 35 56 30 40 4184 4141 4320 4215 
  
